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ABSTRACT 
This study seeks to determine the extent to which chemostratigraphy can 
supplement other stratigraphic tools in determining the effects of climate change in loess- 
palaeosol sequences. Geochemical change has been used to illuminate the effects of 
glacial/interglacial climate change in Chinese loess-palaeosol sequences; less work has 
been done to examine the effects of stadial/interstadial climate change and little work has 
been carried out in Europe on either aspect. 
Two loess-palaeosol sites were selected in northwestern Europe that were known to 
provide good records of the last ice age. This study has produced detailed descriptions of 
variation in concentrations of the major, minor and rare-earth elements. These are 
compared with variation in the standard sedimentological parameters (grain size, organic 
carbon content and carbonate content) and in enviromagnetic characteristics, which are 
accepted as palaeoclimate proxies. The existing polymineral-based luminescence 
chronology at each site has been enhanced using a quartz-based approach, which broadly 
confirms the accuracy of previous ages and generates estimates of increased precision. 
That chronology facilitates comparison of these analyses with evidence for 
palaeoclimatic: change in the wider record, including GRIP ice-core data. Grain size is 
shown to be a strong proxy for variation in mean wind strength and in accumulation rates 
which can be correlated in detail with GRIP. 
The study has established that geochemical heterogeneity now apparent at the sites 
has been imposed by weathering. Carbonate weathering is a reliable indication of major 
pedogenic episodes but its detailed interpretation is tempered by carbonate mobility. 
Silicate weathering occurs at lower intensity than carbonate weathering but is a permanent 
record since silicates are not subject to reprecipitation under these conditions. The study 
concludes that chemostratigraphy is a climatological proxy, detecting periods of significant 
amelioration. It is not a replacement for conventional proxies, it complements them and 
provides additional evidence upon which climatic reconstructions can be made. 
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'the more that I have studied the subject [Rhine loess], the more difficult I have found it to 
fonn a satisfactory theory. ' (Lyell, 1834) 
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Chapter 1: Quaternary climate change and this study 
1.1 The study of Quaternary climate change 
1.1.1 The climate system 
The Earth's climate system is intimately connected with everything that happens on 
the Earth's surface from the highest levels of the atmosphere to the ocean depths; it 
maintains and is modified by life and in the very long term it affects even the formation 
and composition of land masses. The system appears to operate in a series of quasi-stable 
states, which are acted on by a multitude of forcing factors. External forcing factors 
involve agents acting outside the climate system, such as astronomical and geological 
change. These generally operate on timescales which can extend to tens of millions of 
years. Internal forcing mechanisms, such as changes in atmospheric and oceanic 
circulation patterns, are generated within the climate system but can be driven by external 
forcing agents. They can respond rapidly to change and operate on shorter timescales. 
This inherent complexity and interdependency makes the climate system highly 
sensitive to minor changes in initial conditions (the 'butterfly effect' (Lorenz, 1972)). This 
generates a substantial degree of random behaviour which accounts for much of the short- 
term climate variation and may be responsible for aspects of climate change by amplifying 
weak but cyclic forcing mechanisms through stochastic resonance (Alley et al., 2001). 
One consequence of this randomness is that a large proportion of shorter-term climate 
variation cannot be predicted, another is that the longer-term climate record contains 
background 'noise' caused by that short-term variation (Lorenz, 199 1). 
1.1.2 Tertiary and Quaternary climate change 
The Earth has undergone long-term, major cooling since the late Tertiary, 
amounting to a global temperature reduction of approximately 20*C (Fig. 1.1). The causes 
are unclear but are likely to be 'external forcing factors' that may include the raising of the 
Rocky Mountains, the Himalayas and the Tibetan Plateau by plate tectonics (Ruddiman 
and Kutzbach, 1991; Raymo and Ruddiman, 1992), the presence of continents at or close 
to the poles (Barron, 1985), the closure of seaways (Beaty, 1978) and the long-term 
reduction in atmospheric C02 caused by the chemical weathering of silicate rocks (Raymo 
et aL, 1988; Raymo, 199 1). 
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Glaciation began on Antarctica r. 34 Ma (e. g. Zachos et tit., 2001) and by c. 15 Ma 
large ice sheets were being flormed there (Shackleton and Kennet, 1975), with rapid 
changes occurring in sea levels (Haq et al., 1987). 
Glaciation in the Northern Hemisphere started between 10 and 6 Ma (e. g. Wolf- 
Welling et al., 1995). Continued long-term cooling led to the Late Miocene glaciation of 
Greenland and the Arctic, with major increases in global ice volume occurring c. 2.5 Ma 
(Maslin et al., 1998). Between then and 1.5 Ma ice ages recurred with a periodicity c. 40 
ka but around 750 ka the periodicity changed to c. 100 ka, accompanied by an increase in 
the indicated glacial/interglacial temperature range (Hays et al., 1976, Lisiecki and Raymo, 
2005) (Fig. 1.2) 
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Figure 1.2 Glacial (odd-numbered) mid interglacial (even-numbered) periods for the last 1800 ka 
(identified by VO variation in marine cores), showing die change in cycle periodicity. The plot also 
shows the Brunbcs; and Janiarillo periods of 'nonnal' magnetic polarity and the Matuyarna period of 
reversed magnetic polarity (froin Llsiccki and Raynio, 2005). 
Mudelsee and Stattegger (1997) and Paillard (1998) suggest that at this time, the 
Earth's climate changed from a 'two-state solution' ('interglacial' and 'moderate glacial' 
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conditions) to a 'three-state solution' (interglacial, moderate glacial and maximum glacial 
conditions) (Fig. 1.3), and moved into a phase of stronger and longer cyclicity. 
These recent ice ages have all featured a rapid cooling phase to full glacial 
conditions, followed by a period of alternating warm and cold phases with a general trend 
towards progressively more intense cooling which culminates in a glacial maximum period 
with extremely large Northern Hemisphere continental ice caps and major reductions in sea 
levels. At the Last Glacial Maximum (LGM) one third of the Earth's land surface was 
covered by ice (Williams et al., 1993) and half the area of the world's ocean was covered 
in icebergs and pack ice (Erickson, 1990). Each glacial maximum has been followed by 
very rapid warming and disintegration of the ice sheets, these terminations marking the 
commencement of a relatively brief interglacial period (Fig. 1.3). 
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Figure 1.3 Temperature variation over the last 420 ka, from 6"0 variation in the Vostok ice core 
(Petit el al, 1999). This shows the brief nature of interglacials, compared to glacial periods. Each 
glacial period proceeds as a series of succcssivcly-coldcr episodes, culminating in a glacial maximum 
which is followed by rapid warming into the next intcrglacial period. 
1.1.3 Astronomical climate forcing 
The long-term Tertiary and Quaternary cooling may have lowered global 
temperatures to the point where ice ages are possible but it does not, in itself, explain the 
cyclicity of ice ages. Milankovitch (1920,1941) calculated that cyclic variation in Earth 
orbital eccentricity, obliquity and precession, with periodicities c. 100,41 and 19-23 ka 
respectively would modulate incident solar radiation at 65N to cause significant cooling, 
likely to cause an ice age. This theory was proved by Hays et al. (1976) who identified 
these periodicities in marine cores; they are now accepted to be the pacemakers for ice 
ages. Imbrie (1982) suggests that summer insolation at 65N is the key factor controlling 
glacial climate: strong insolation maxima limit ice build-up, weak insolation maxima allow 
massive Northem Hemisphere ice sheets to form. 
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These periodicities are a constant factor in the Earth's orbit; they have subsequently 
been identified in a range of records, extending to the Jurassic (albeit tempered by a lack of 
chronological control) (Hinnov and Park, 1999). 
1.1.4 Internal climate forcing 
The physical mechanisms that convert minor, orbitally-induced variation in 
incident radiation into major climatic changes remain unclear (Paillard and Parrenin, 
2004). They are likely to include albedo variations caused by cloud, snow and airborne 
dust, changes in the atmospheric content of the greenhouse gases C02 and C114, and 
changes in the ocean-atmosphere circulation system. The ice sheets that initially develop 
in response to insolation changes cause regional adjustments in albedo and radiation 
balance, and become responsive to internal forcing factors (Clark et aL, 1999). They cause 
major changes in sea level and Northern Hemisphere atmospheric circulation and may 
even be triggers for deglaciation. Ridgewell et aL (1999) propose that their collapse by ice 
flow reinvigorates oceanic circulation patterns, while Paillard and Parrenin (2004) link the 
growth of massive ice sheets above the Antarctic continental shelf with de-stratification of 
the Southern Ocean. In both models, C02 is released from long-term sequestration in 
bottom waters and the consequent global warming allows the next period of insolation 
maxima to melt the remaining Northern Hemisphere ice sheets. 
Lambeck et aL (2002) suggest that during the early part of the last glacial cycle, 
astronomically-forced insolation changes drove the system but climate-driven feedback 
mechanisms became increasingly important until the climate system became unstable and 
responded to the interplay between these different factors with relatively high-frequency 
change. Greenland ice cores show that the local climate, particularly during MIS 3 and 4, 
was characterised by an alternation of cold and warmer periods (stadials/interstadials), 
termed Dansgaard-Oeschger (D-0) cycles (Dansgaard et al., 1993). Local temperatures 
rose by 5- 1 O'C within a few years or decades, followed by much longer cooling phases that 
lasted up to 3000 years and culminated in a return to full glacial conditions (ibid, Johnsen 
et al., 1995). This is shown in Fig. 1.4, together with the Greenland Interstadial (GI) 
numbering scheme. 
Alley et al. (2001) suggest that the 'preferred spacing' of 1500 years shown by D-0 
cycles (for some, 3000 or 4500 years) may be due to the effects of stochastic resonance in 
conjunction with a weak forcing factor, possibly a 1500-year weak solar cycle. This same 
cyclicity is present in the Holocene (Campbell et aL, 1998; Bond et at., 2001) and in earlier 
glacial and interglacial stages (Oppo et aL, 1998); it may be a fundamental climate feature 
(Bond et aL, 2001). 
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--ra-- 1_ A 1g D-0 cycles are attributed to variations in 
thermohaline circulation which illustrate the 
climatic sensitivity of the ocean/ice/atmosphere 
system and its rapid response to perturbations. 
Under moderate ice age conditions (i. e. 
interstadials), the North Atlantic thermolialine 
circulation system delivered warm water northwards 
in surface currents and removed dense, cold and 
highly saline water southwards by deep water 
formation. The atmospheric humidity that 
accompanies relatively warm water led to rapid 
growth of the Laurentian and Fennoscandian ice 
sheets, which resulted in a general trend towards 
cooling, increased aridity and sea level fall (e. g. 
Broecker et al., 1990; Stocker et al., 1992). 
Periodically, at c. 1000 to 1500-year intervals, these 
ice sheets released pulses of meltwater and icebergs 
into the North Atlantic. This reduced the strength of 
the thermohaline system. Circulation slowed and 
for a period of time, the normal flow of warm water 
northwards was diverted westwards, causing further 
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cooling in the northern areas (i. e. stadials). After the freshwater influx ceased, the 
thermolialine system was able to return to its northern circulation pattern, the North 
Atlantic regions warmed rapidly and the ice sheets began to grow again (Broecker et al., 
1990; Stocker et al., 1992). The release of icebergs during part of the D-0 cycle did not 
significantly reduce the size of ice sheets; the net effect was continued growth. 
Groups of progressively-cooler D-O cycles led to the formation of massive, 
unstable ice sheets which periodically underwent major collapse. They discharged 
armadas of icebergs into the North Atlantic, releasing large volumes of fresh water and 
detrital carbonate rock particles carried in the ice (the marine sediment 'signature' of 
Heinrich Events (Heinrich, 1988)). That massive freshwater cap brought the North 
Atlantic circulation system to a halt, causing intense cooling in the North Atlantic region 
(Broecker, 1994) while the central Atlantic and South Atlantic Ocean grew warmer (Vidal 
et al., 1999). Eventually ice sheet collapse ceased, the meltwater cap became 
homogenised, the thermohaline system returned to its previous state, stored-up warm water 
was moved northwards and the North Atlantic region warmed by as much as I OT in a few 
5 
years (Broecker, 1994). The accompanying rise in humidity supported renewed ice sheet 
growth and the cycle restarted (ibid. ). This cycle of ice accumulation and collapse has been 
termed 'binge-purge' (Alley and MacAyeal, 1994). 
Together, D-0 cycles (i. e. stadial/interstadial cycles) and Heinrich Events have 
been the dominant signal of climatic variability in the North Atlantic region throughout the 
last ice age (Lueschner and Sirocko, 2000), and that climatic variability is reflected in 
world-wide records (ibid. ). These include Pacific and Atlantic Ocean palaeotemperatures, 
rates of glacier growth, lake sediment compositions, sea floor anoxia, deep-water 
ventilation, and the Arabian Sea monsoon. Variations in the accumulation of Chinese 
loess are related to the strength of the East Asian winter monsoon (e. g. An et al., 1990). 
Within that overall variability, stadial/interstadial cycles correlate with indications of 
stronger/weaker winds and decreased/increased humidity respectively (An et al., 199 1 a, b; 
Chen et al., 1996). Heinrich events have been correlated with periods of stronger winds 
and increased aridity (Porter and An, 1995); 
1.2 The Nature of the Evidence 
The study of Quaternary climate change is founded upon two principal sets of 
evidence, against which other lines of evidence are compared - marine sediment cores and 
ice cores. These contain a range of variables which record one or more aspects of the 
climate system. 
1.2.1 Marine cores 
Marine sediment cores can contain a wide range of variables that can be interpreted 
as climate proxies. A major line of research has focussed on carbonate foraminifera, shells 
which record the isotopic composition of the seawater-derived oxygen used to build their 
shells (Emiliani, 1954). Seawater contains both 160 and 180 but (a) temperature, and (b) 
variation in the amount of polar ice modulate the 180/16 0 ratio (conventionally expressed 
as 8180) in the preserved foraminifera fossil shells. Analysis of selected foraminifera 
species (selected to reduce the temperature effect) is measured relative to an accurately- 
known standard termed 'Standard Mean Ocean Water' (SMOW) (Coplen, 1996). The 5180 
record in marine cores is, therefore, a proxy record of global ice volume and of the glacial 
cycle (Shackleton, 1967). 
The succession of relatively warm and relatively cold periods indicated by changes 
in this 8180 value were numbered by Emiliani (1955) as Marine Isotope Stages (MIS), 
starting at I for the current interglacial (Fig. 1.4). 
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Other marine core information comes from the analysis of floral and faunal 
abundances, the changing proportions of species sensitive to specific conditions and 
morphological change (e. g. temperature-controlled left/right-handed spiral forms). These 
provide information on palaeoconditions such as surface-water and deep-water 
temperatures, salinity, oceanic stratification, dissolved oxygen content and nutrient 
availability. The sediment also records non-biological signals such as atmospheric dust 
content, changes in the type and amount of terrestrial debris delivered by rivers or icebergs 
and the orientation of the earth's palaeornagnetic field (e. g. Farrell et al, 1995; Harris and 
mix, 1999). 
These cores can extend back for millions of years (e. g. Jansen et al., 1988). 
However, direct dating control is problematic since cores contain insufficient material 
suitable in mass or age for the application of any single geochronometric method. 
Chronologies can be constructed indirectly by assuming that there is a direct and unvarying 
relationship between the orbital parameters and the 8180 record, and then using those 
orbital parameters to adjust the 8180 chronology in a process known as 'orbital tuning' 
(Imbrie et aL, 1984). Marine core chronologies can also be crosschecked against the 
climate signal preserved in ice cores (see below) and events such as the 
Brunhes/Matuyama magnetic reversal c. 778 ka (Tauxe et al., 1996) (Fig. 1.2). 
1.2.2 Ice cores 
Ice cores are unique archives of information on past climates and the mechanisms 
of glaciation. They can contain proxy information on palaeotemperatures and precipitation 
rates, and aerosol fluxes of marine, volcanic, terrestrial, cosmogenic and anthropogenic 
origin; trapped air bubbles provide direct records of the earth's atmosphere (Petit et al, 
1999: McManus, 2004). 
Since ice layers accumulate at much higher rates than marine sediments, ice cores 
have finer resolution, although they cannot provide the extreme long-term coverage that 
marine cores can achieve. Chronologies of deposition are achieved through a range of 
methods such as counting visible annual ice layers and using very-high-precision 
techniques to measure, for example, the seasonal enrichment of snow in sodium ions. This 
can provide better than annual resolution, potentially extending back to 100 ka (e. g. 
Hammer et aL, 1978,1985; Rothlisberger et aL, 2000). 
Snow has a temperature-modulated 160/180 content, with colder temperatures 
leading to more negative 5"0 values (relative to SMOW) (Grootes et al, 1993; Dansgaard 
et al, 1993). Under suitable conditions, snow accumulations are converted to ice, which 
can preserve this 8180 record and so down-core variation can be used as a proxy for 
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relative change in surface temperature when the snow fell (Dansgaard et al., 1973). The 
Greenland Ice Core Project (GRIP) core has provided a record of the last 250 ka 
(Dansgaard et al., 1993) (the last 110 ka are shown in Fig. 1.5), reinforced by the 123 ka 
record of the North Greenland Ice Core Project core (NGRIP members, 2004). The GRIP 
ice core record has been accepted by the Palaeoclimate Commission of the International 
Union for Quaternary Research (INQUA) as an arbitrary but consistent standard for 
climate change studies (Lowe, 2001). 
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Figure 1.5 High-amplitudc and rapid climatic variation over the last 110 ka recorded in the GRIP ice 
core (using 6"0 as a climatic proxy) (Dansgaard et al. (1993). 
The presence in the core of very fine mineral dust particles, transported long 
distances by high-altitude winds is particularly relevant to this study. Variations in 
particulate concentration (Fig. 1.6) reflect variations in the vigour of the atmospheric 
system and the availability of fine sediment, and correlate with the 6180 record of 
temperature change (Fig. 1.5): atmospheric dust loading was greatest during glacial 
periods, and within that, was greatest during stadials. Low atmospheric dust 
concentrations occur during interglacial and interstadial periods (e. g. Thompson and 
Mosley- Thompson, 1981; Petit et al., 1981; Petit, 1990; Fuhrer et al., 1993). Loess is 
deposited most rapidly during stadials (e. g. Frechen et al., 2003) which correlates with that 
increased atmospheric dust loading. in consequence, dust in Greenland ice cores and loess 
deposition are expressions of the same climatic conditions. 
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Figure 1.6 Variation in Northern Hemisphere atmospheric dust content recorded in dic GRIP 
ice core, covering the period 100- 10 ka, (using Ca as a particulate proxy) (Fuhrcr el al., 1993). 
1.2.3 The terrestrial record 
Deep-sea and ice cores record the oceanic marine environment and the circumpolar 
environment. Both are likely to respond to change on different timescales and in different 
ways compared to the terrestrial environment. Accurate reconstruction of global 
palaeoclimate conditions demands a detailed understanding of the ways in which 
continental climates have changed, and this has to be accurately correlated with the polar 
and oceanic record to understand how these different components of the world climate 
system interact. However, there are few high-resolution, long, and continuous records of 
terrestrial climates since land surfaces are primarily zones of erosion and most terrestrial 
depositional zones are relatively temporary (e. g. lakes, peat bogs etc. ). Loess-palaeosol 
sequences have been proved to be a paramount record of terrestrial climate. They have 
become the subject of intense research, focussed mainly on the Chinese loess record which 
extends back at least 2.5 million years (Rutter et al., 1991, Ding et al., 1993) and which 
has been compared in quality to the marine core record (Kukla, 1987, Kemp and 
Derbyshire, 1998, Derbyshire et al., 1997). 
1.2.4 The terminology and timescale of the last interglacial/glacial cycle 
In western Europe, the last interglacial (defined by the presence of tree pollen, van 
Kolfschoten and Gibbard, 2000) has been assigned the stage name 'Eemian' (Van der 
Vlerk and Florschiltz, 1950); the last glacial period is the 'Weichselian' (Woldstedt, 1950). 
The Weichselian is divided into Early Glacial, Pleniglacial and Lateglacial stages. The 
Pleniglacial is further subdivided into the Lower, Middle and Upper Pleniglacial (Table 
1.1). The Weichselian is followed by the Holocene Epoch, starting at 10,000 radiocarbon 
years BP (Mangerud et al, 1974). 
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Table 1.1. Summary of climostratigraphic terms used to identify perio'ds within the 
last 130 ka. 
Age (ka) Epoch/Stage Sub-stage Sub-stage units 
0-10 Holocene 
10-13 Lateglacial. 
13-30 Upper Pleniglacial 
30-58 Pleniglacial Middle Pleniglacial 
58-66/68 Weichselian Lower Pleniglacial 
66/68-107 Early Glacial 
107-130 Eemian 
Antoine et al. (2003) propose that the Early Glacial/Pleniglacial boundary should 
be placed at 68-66 ka and the Middle/Upper Pleniglacial should be at 30 ka (used in Table 
1.1). The start of the Upper Pleniglacial was marked by the very rapid growth of major ice 
sheets (Lambeck et al., 2000, Yokoyama et al., 2000). It continued through the LGM (c. 
22-19 ka (Yokoyama et al., 2000)) until c. 13 ka. The Lateglacial period contains the final 
stages of deglaciation. 
The Eemian, Weicbselian and Holocene stages/Epoch fall within the MIS 5 to MIS 
1 group. Shackleton (1969) and Imbrie et aL (1984) subdivided MIS 5 into the series 5e- 
5a, with the interglacial period MIS 5e occurring between 130-117 ka. However, the 
timings and durations of western European climate states differ from the MIS cbronology- 
pollen data show that in southwestern Europe the Eemian lasted until 107 ka, when 
deciduous forests were abruptly replaced by steppe vegetation (Kukla, 2000; Sdnchez-Gofii 
et aL, 2000). MIS 5d to 5a equate to the early Weichselian. The Weichselian period is 
covered by MIS 4 (75-59 ka), 3 (59-25 ka) and 2 (24-10 ka) (chronology from Imbrie et 
aL, 1984). MIS 1 equates to the Holocene. 
1.3 Is the past the key to the future? 
The rise of modem man and our technological civilisation has occurred entirely 
within the current interglacial, yet the projected duration of this warm period is unclear. 
Loutre and Berger (2003) use predicted insolation variations to suggest that for the next 60 
ka, a glacial period is unlikely but Ruddiman et al. (2005) and Ruddiman (2005) suggest 
that pre-industrial anthropogenic production Of C02 and CH4, occurring over the last 
several thousand years, has prevented global temperatures falling. They predict that 
without this factor, the Earth would now be 2"C cooler, about one third of the way to full 
glacial conditions, and that the next glaciation is, therefore, overdue. 
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However, the modem intensive use of fossil fuels has raised the atmospheric C02 
concentration beyond any value naturally reached during the last 400 ka (Petit et al., 1999) 
and after a millennium in which the global average temperature fell slowly, it has risen 
rapidly in the last 100 yearý and is now higher than at any time in the last 1000 years 
(Crowley, 2000). In the world of minor insolation change proposed by Loutre and Berger 
(2000), greenhouse gas concentrations may play a very important role in climate change, 
and the International Climate Change Taskforce (2005) considers that continued 
greenhouse gas emission may trigger rapid and potentially catastrophic climate change 
within a decade. 
Some of the climate system linkages are obvious, and some are very poorly 
understood, with the result that current climate change predictions are very imprecise: 
however, predictions that are accepted to be reliable and accurate are essential if we are to 
obtain widespread agreement on the extent of any necessary adjustments (e. g. management 
of fossil fuel usage and Of C02 production) and the methodologies for implementing them. 
Mayewski and Bender (1995), speaking for the American Geophysical Union, consider 
that 'understanding the Earth system and, in particular, its climate, remains one of the 
major intellectual challenges faced by science. The processes influencing climate, the 
mechanisms through which they act, and the responses they generate are, in general, as 
complex and poorly understood as they are important'. Drummond et al. (1995) propose 
that 'a fundamental goal of earth science is to develop a more complete understanding of 
mechanisms and rates of climate change so that credible estimates of past global conditions 
can be constructed'. 
Loess-palaeosol sequences can provide an extremely wide range of palaeoclimatic 
data, which has its highest resolution when glacial climates are most severe. That climatic 
information must be established in a reliable chronostratigraphic framework that will allow 
different types of record to be correlated accurately across different environmental zones. 
This will support that aim of constructing 'credible estimates of past global conditions'. 
1.4 The aims and objectives of this study 
Geochemical analysis has proved to be of major value in examining the effects of 
climate change in the Chinese loess province. It has shown how the composition of loess 
is affected by weathering and has helped to illuminate long-term variability in the Asian 
monsoon and the variable strength of the monsoon system in different regions of China 
(e. g. Yang et al., 2004). It has been less strongly applied to European loess-palaeosol 
sequences; Juvign6 and Moors (1995) pointed to a dearth of research into the composition 
of western European loess. 
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This study seeks to evaluate the potential use of geochernical variation as a loess- 
palaeosol stratigraphic tool within the last ice age. It examines variation in geochemical 
composition that may have been caused by post-depositional processes, notably element 
mobilization linked to weathering. Standard sedimentological and enviromagnetic 
methodologies are known to be valid indicators of millennial-scale climate change in loess- 
palaeosol sequences, including weathering, and the study examines the degree to which 
geochemical alteration can be correlated with the climate change signals contained in those 
other parameters. The existing luminescence chronology is enhanced through the 
application of new techniques that may provide increased accuracy. 
The study examines two locations selected from the wide range of potential 
Weichselian loess-palaeosol study sites across western Europe: Harmignies (southern 
Belgium) and Koblenz-Metternich (Germany, close to the Rhine valley). These were 
never glaciated and were on the southern margin of the continuous permafrost zone during 
the coldest stages of the Weichselian. They have been examined by other researchers (e. g. 
Frechen et aL, 1995,2001; Boenigk and Frechen, 2001) who consider that they both 
contain good histories of Weichselian loess deposition. The presence of ice segregation 
features in some horizons at Harmignies suggests periods of significant humidity (van 
Vliet, 1975) while Metternich lacks such features and appears to have been drier. This 
may contrast an 'Atlantic maritime' climate with one showing increased continentality and 
these climatic differences may manifest themselves in variations in the degree of 
geochemical weathering at the two sites. 
The study's aim is to determine the extent to which chemostratigraphy can 
supplement other stratigraphic tools in determining the effects of climate change in loess- 
palaeosol sequences. This is examined through the consideration of five hypotheses: 
a) that heterogeneity in geochemical, sedimentological and enviromagnetic 
parameters in the vertical profile at both sites has been imposed on originally- 
homogeneous compositions, 
b) that patterns of heterogeneity correlate, 
C) that these correlated patterns represent the sites' response to climate change, 
d) that these local responses to climate change can be correlated with the known 
patterns and chronology of Weichselian climate change in the western Europe/N. 
Atlantic region, and, 
e) that geochemical variation in loess-palaeosol sequences can be used as a 
chemostratigraphic tool in north-west Europe. 
These hypotheses are examined through the following objectives: 
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a) for each site, the production of detailed descriptions of major, minor and rare-earth 
element concentrations, 
b) for each site, the production of detailed descriptions of standard sedimentological. 
parameters (grain size, organic carbon content, CaC03 content) and mineral 
magnetic properties, 
c) determination of the extent to which variations in these geochemical and 
sedimentological parameters reflect homogeneity in the original sediment and 
N heterogeneity imposed by climatic and other aspects of change, 
d) the application of new luminescence dating methodologies to enhance the rigour of 
the established chronology at each site, thus increasing confidence in correlations 
between loess-palaeosol sites and to other records of climate change, and, 
e) the comparison of the geochemical evidence for palaeoclimatic change shown in 
these techniques with the wider palaeoclimate record. 
1.5 Thesis structure 
This thesis is presented in eight chapters. This chapter has introduced the subject, 
defined the study's aim and outlined the approached used to reach that aim. Chapter 2 
defines loess and describes its distribution world-wide. Chapter 3 describes the 
relationship of loess and palaeoclimate, and details the climate-induced loess 
characteristics to be addressed in this study. Chapter 4 explains the ways in which loess 
has been deposited in two areas of northwestern Europe and describes the study sites in 
each of those areas. Chapter 5 deflines the sample collection methodology and the 
laboratory techniques used to examine the samples. Chapter 6 presents the analytical 
results for each technique and offers critiques of some methods and techniques based on 
the results and the experience gained in obtaining them. Chapter 7 interprets the results, 
synthesises them to determine how each site responded to climate change and compares 
those responses. Chapter 8 compares these flindings with the northern hemisphere record, 
draws conclusions about the extent to which chemostratigraphy can supplement other 
stratigraphic tools to determine the effects of climate change in loess-palaeosol sequences 
and offers suggestions for further research work. 
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Chapter 2: Loess and its distribution 
2.1 Loess and its history 
Loess is an extremely widespread terrestrial sediment; it covers up to 10% of the 
world's land surface area (P6csi, 1968). It has been defined as "a terrestrial clastic 
sediment, composed predominantly of silt-sized particles, which is formed essentially by 
the accumulation of wind-blown dust" (Pye, 1995). Most loess is pale yellow-grey or 
yellow-brown, formed from silt-sized detrital mineral grains, mainly quartz and feldspar, 
with a small proportion of other mineral grains. Some loess is calcareous, containing a 
mix of detrital and authogenic carbonates. It is extremely porous and is poorly cemented. 
This gives it a metastable character - it can form steep cliffs, especially when dry, but is 
prone to sudden collapse when wet. 
The term 'loess' (in German: Uss, translated as 'loose' or 'crumbly') was first 
used by the mineral trader von Leonhard (1823/24) to describe deposits in the Rhine 
valley. Virlet d'Aroust (1857) proposed the aeolian-origin hypothesis, but von Richtofen 
(18 82) was responsible for popularizing it in his writings on China. 
Swineford and Frye (1955) consider that although loess in different regions shows 
strong similarities in field appearance, topography, soil profile development, texture and 
stratigraphy, it possesses strong differences in mineralogy. Smalley and Leach (1978) 
consider that loess deposits worldwide have undergone differing methods of formation. 
They suggest that the similarities have been over-valued and the distinctions overlooked. 
2.1.1 The formation of loess 
Hardcastle (1890) identified four fundamental requirements for the production of 'a 
massive sub-aerial formation of dust' (i. e. loess deposit). These are: 
a) a source of wind-blown dust, 
b) winds to transport the dust, 
c) vegetation to reduce wind speeds and trap the dust, and, 
d) sufficient time for its accumulation. 
This definition is very close to that used by Pye (1995), who pointed out that the 
source has to be exposed, at least episodically, for periods of thousands to tens of 
thousands of years, and that the deposition site could feature topographic traps as well as 
vegetation. Loessic particles can also be trapped by surface moisture (van Viiet-Lanoe, 
pers. comm. ). 
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The silt grains can be produced from parent rocks by a range of processes including 
glacial grinding, frost action and abrasion. Smalley (1995) divides silt production into 
Gmajor' and 'minor' processes and Smalley (1966) argues that glacial grinding is the only 
realistic major silt production method. Assalay et al. (1998) suggest that the major mode 
size of silt grains - the 20-60 [un fraction - may be controlled by 'Moss defects' present 
within the parent quartz crystals. These defects focus stress such that high-energy 
breakage (typical of glacial grinding) tends preferentially to produce grains of that size. 
Further crushing and grinding can reduce some of these grains to the comminution limit of 
3-5 Ian. Experiments by Smalley et aL (2004) show that the mechanical application of 
comminution stress to natural quartz sand grains, as an analogue of glacial grinding, does 
indeed produce abundant silt. However, the production mechanism for 'mountain loess' 
grains in High Asia (which lacks extensive glaciers) is unclear though tectonic activity and 
high-altitude weathering must be significantly involved (Smalley, 1995). 
Although 'primary loess' is deposited mainly from airborne suspension, the 
constituent particles are not transported directly from their point of formation to their final 
deposition site, they are initially contained within glacial debris of all sizes and recycled 
sedimentary material which is transported away from the glacial region generally by fluvial 
processes. Repetitive, major river-valley floods or glacio-eustatic sea-level fall can both 
lead to the formation of large, unvegetated and unstable land surfaces covered in non- 
cohesive, quartz-rich, silt-rich sediment (Pye, 1987). This provides the source material for 
the flinal, aeolian, stage of transport 
Winds during the last glacial period were not only stronger than present, due to a 
steeper meridional surface temperature gradient but also very variable (Ruth, 2002). These 
powerful and turbulent winds could easily deflate large volumes of fine grains from dry, 
unstable land surfaces and at the LGM the atmosphere contained up to 20 times the 
modern dust flux (Steffenson, 1997; Petit et aL, 1999). Most particles settle relatively 
quickly by dry deposition and by precipitation scavenging ('wet deposition') (Prodi and 
Fea, 1979). Dry deposition is controlled by factors that encourage concentrated deposition, 
including gravitational settling relatively close to the source, topography (especially where 
topographical traps act to reduce wind speeds abruptly), vegetation cover and surface 
wetness. Precipitation scavenging removes particles by trapping them in snow and rainfall 
(ibid. ) and so produces more random deposition patterns. Very fine grains (< 2.5 gm) can 
be transported high in the atmosphere and remain suspended for extended periods (Pye, 
1987). 
According to P6csi (1990), a process of 'loessification' takes place after deposition. 
Cilek (2001) has identified a key element of this process to be the rapid formation of inter- 
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grain cementation bonds composed primarily of clay, sometimes impregnated by calcium 
carbonate and aluminium-silicon hydroxides. This is attributed to capillary water 
movement and repeated cycles of condensation in pore spaces. Balescu (1988) considers 
these 'buttresses' to be diagnostic of primary loess. Loess deposits can be modified by 
processes such as rainfall, sheet wash, cryoturbation and solifluction which, at their 
extremes, convert primary loess into loessic alluvium. Loess deposits can further be 
modified by pedogenesis, bioturbation and carbonate mobility, and loess geochemistry can 
be substantially altered by the effects of weathering. The result of these processes is that 
no loess deposit is in the same condition that it was when the grains were first deposited, it 
has all undergone some modification. 
2.1.2 Loess classification 
According to Pye (1995), Quaternary loess can be fitted into three main classes: 
periglacial (formed in mid-continental shield areas beyond the limits of ice sheets), 
perimontane (formed on the margins of high mountain ranges) and peridesert (formed on 
the semi-arid margins of some lowland deserts). Smalley and Krinsley (1978) proposed, 
and Sun (2002) proved, that the Central Asian and Chinese loess deposits, which appear to 
be desert loess, have been derived from silt grains produced in the mountains of High Asia 
and simply stored in desert regions during a multi-stage transport history. At least some of 
the northwestern loess deposits do not correspond with either the periglacial or 
perimontane defiriftion; this is discussed further in Section 4.1. 
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2.2 The main loess provinces world-wide 
Loess deposits are found worldwide, with substantial deposits in central North 
America, South America, Europe, Siberia, central Asia, and China (Fig. 2.1). Smaller 
amounts are present in Alaska, New Zealand and southern Britain. 
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FIgure 2.1. The global distribution of major locss dcposits (after Pye, 1984). 
2.2.1 China 
The Chinese loess plateau lies between 30*N and 40*N and covers an area of about 
300,000 kmý with a thickness varying from 100 to 200 m (Liu, 1991). The loess-palaeosol 
sequences preserved here provide the most complete terrestrial record anywhere in the 
world of Quaternary environmental change. 
The loessic material is derived from weathering in 'High Asia' (Smalley and 
Krinsley, 1978; Sun, 2002). The source rocks are heterogeneous but the particles undergo 
mixing, first in the eastern desert regions where they accumulate, and then again in transit 
to the final deposition zones (Honda and Shimizu, 1998). As a result, Chinese loess is 
geochemically homogeneous (Ishii et al., 1995, Matsuhisa et al., 1996). 
An accurate chronology has been developed using variation in grain size 
distributions that can be equated to reduction in mean interglacial wind strength, and in 
magnetic characteristics that equate to interglacial pedogenesis reinforced by analysis of 
the prevailing orientation of the Earth's magnetic field at deposition (Heslop et aL, 2000). 
The Loess Formation extends back 2.6 Ma and records at least 56 major climatic cycles 
(e. g. Heller and Liu, 1982; ; Kukla and An, 1989; Rutter et al., 1991; Ding et al, 1995). 
The underlying Red Clay Formation (also aeolian) extends this to 7 Ma (Ding et al, 1998). 
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Loess and palaeosol units are designated by the prefix 'L' (loess) or 'S' (soil). The 
Holocene soil is SO and the last glacial period loess (the Malan loess) is designated LI; 
within that, the LGM is represented by substage LI-I (Liu et al., 1986). Deposition of 
aeolian silt has continued in the Holocene (Ding et al., 2001). 
As a consequence of the age of this record, and its detailed resolution of 
glacial/interglacial stages, Chinese loess has been intensively studied to determine how the 
regional climate has changed and how those changes correlate with the wider record. 
Many of these studies have compared glacial and interglacial climates using standard 
sedimentological parameters such as grain size (Porter and Zhisheng, 1995, Xiao et al., 
1995) and magnetic susceptibility (Bloemendal et aL, 1995). 
2.2.2 North America 
North America contains two significant loess provinces - Alaska and the central 
plains. Loess in Alaska has been deposited mainly in river valleys (Muhs et al., 2004), 
showing the importance of fluvial transport. It contains a long record of climate change: 
fission-track dating of volcanic glass shards, allied to the development of tephro- and 
magneto-stratigraphies, indicate that loess deposition began three million years ago, during 
the late Pliocene (Westgate et al., 1990, Preece et al., 1999). The Alaskan loess record 
contains multiple local unconformities but these tephra beds can be used to link separate 
deposits and create a comprehensive and reliable stratigraphic record (Preece et al., 1999). 
Loess continues to be deposited in Alaska, providing a modem analogue for past 
climate change (Beg6t, 1996). Muhs et aL (2004) have used this to demonstrate down-wind 
fining, depositional episodicity and variation in pedogenesis that is controlled by the 
depositional rate, not by climate. Accumulation rates are relatively high close to the source 
area and the mean grain size is coarse. This rapid build-up of sediment allows insufficient 
time for strong soil formation and little geochemical weathering occurs (measured by the 
ratios of elements that are relatively mobile to those that are relatively immobile). Further 
away (c. 10-25 km), accumulation rates are lower and deposits are thinner and finer- 
grained. These contain morphologically well-developed soils and higher rates of 
geochemical weathering occur. Thus aeolian deposition and pedogenesis can co-exist 
under the same set of climatic conditions as competing processes; they are not mutually 
exclusive (ibid. ). A similar interpretation has been placed on palaeosols in China, 
concluding that the presence of a palaeosol simply indicates that at that time, pedogenesis 
dominated aeolian deposition (Verosub et aL, 1993). 
Loess deposits in central North America are extremely widespread and locally thick 
(up to 50 ni). They do not have the long history that Alaskan and Chinese loess offers. 
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The lower part of the Roxana Silt was deposited 75-55 ka (Follmer, 1983; Hansel and 
Johnson, 1996), the upper part from 55-28 ka (Currey and Follmer, 1992). The Preoria Silt 
was deposited 25-12.5 14 C ka BP (Hansel and Johnson, 1996). The deposits were formed 
south of the Laurentide ice sheet, in what is now the Great Plains region, and follow the 
regional drainage pattern south to the Gulf of Mexico (Blum et at., 2000; Muhs and Bettis, 
2000). That drainage was an important factor in loess distribution; accumulation rates 
were highest east of the Mississippi River, deflated from river flood deposits by 
predominantly west winds (Muhs and Bettis, 2000). 
Some loessic material was derived from the Laurentide ice sheet, notably from the 
Superior and Lake Michigan lobes (Grimley et al., 1998); some (at least in Kansas) is 
derived from Rocky Mountain glacial outwash, dune sands and eroded arenaceous 
bedrocks (Welch and Hale, 1987). 
2.3.3 South Amexica 
South America contains a major loess province, located east of the Andes between 
20'S and 400S, covering 1,100 krný of the Argentinean pampas and parts of Paraguay 
(Teruggi 1957). It contains two main types of loess: the Pampean Loess between 40-30*S 
and sub-tropical loess between 30-20'S (Sayago et aL 2001). Teruggi (1957) suggested 
that these were derived from a single source but more recent analysis of sedimentological 
characteristics suggest that they have multiple sources (e. g. Bidart 1996). This is 
reinforced by a small number of geochemical studies (e. g. Morris 1995,1999). The latter 
paper suggested that multi-source provenance appears to have operated throughout the 
Quaternary. Loess-palaeosol sequences have been identified as early as the Pliocene 
(Kemp and Zirate 2000) and production of the source sediments may have been initiated 
by late Miocene orogenesis (Zdrate, 2003). Smith (2001) identified geochemical mixing 
trends between different Argentinean loess sources and also examined element mobility 
under weathering. 
These loess-palaeosol sequences provide one of the most detailed archives of 
Quaternary environmental change in the Southern Hemisphere (Mubs and ZArate 2001) but 
analysis has been hampered by the lack of a comprehensive lithostratigraphic and 
chronostratigraphic framework (Toms et aL, 2004). The sequences contain several 
geochemically-distinct tephra layers that may support the development of such a 
framework, aided by luminescence chronologies (ibid. ). 
According to Iriondo and Kr6hling (2004), other loess deposits of varying kinds are 
present elsewhere on the continent. Dark red, aeolian and fine-grained 'tropical loess, 
sediments mantle large areas in tropical South America. Volcanic loess, termed 
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'cangahua' is a loose aeolian sediment formed from reworked silt and very fine sand-sized 
andesitic particles, fixed by minor silica reprecipitation in a humid prairie climate. It is 
present in the Andes and adjacent slopes in northern Ecuador and in southern Colombia 
(Iriondo 1994). 
2.2.4 Russia and Central Asia 
Loess is extremely widespread in Russia and the post-Soviet independent states but 
its study has been hindered by accessibility and language (Jefferson et al., 2003). Loess 
deposits on the Russian Plain cover over one million square kilometres (Velichko, 1990). 
derived from the northern alluvial and lacustrine plains that formed in front of Pleistocene 
ice sheets (ibid. ). Further extensive deposits are present in central Russia and central Asia 
as far east as Lake Baikal (Jefferson et al., 2003). 
2.2.5 Europe 
The small-scale and fragmented deposits found in Europe have been less 
intensively studied than the Chinese loess and many of the research papers obtained by 
personal communication for this study have not been published in mainstream journals. 
The development of regional stratigraphic schemes has been tempered by the treatment of 
many sites in relative isolation, by a lack of chronological control and by a lack of obvious 
regional lithostratigraphic or climatostratigraphic markers. However, the development of 
detailed chronologies for many key sites (e. g. Frechen et aL, 1995,2001) has supported 
inter-site correlation and some researchers (e. g. Huijzer and Vandenberghe, 1998; Ikinger 
and Schirmer, 2002) have used a range of multi-proxy studies to synthesise regional 
depositional histories and detailed climatic reconstructions of the Weichselian in 
northwestern Europe. 
During Quaternary glaciations, loess has been deposited in Europe in a series of 
discontinuous patches from southern Britain, Belgium and northern France across central 
Europe to Ukraine and Siberia' (Fig. 2.2) In western Europe, this belt was bounded by the 
Scandinavian ice sheet to the north and the Alpine glaciers to the south. 
" The loess deposits that form the Belgium/northern France complex, and Rhine 
valley loess arc discussed in detail in Section 4.1.1 and 4.1.2. 
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The European loess belt does not have the deep, accretionary nature of Chinese 
loess, nor the same relatively simple stratigraphy and sedimentology. The different loess 
provinces are limited in extent, they have been derived from different sources, they have 
been deposited in regions with differing climatic regimes and they have undergone periods 
of non-deposition and erosion. 
Unlike loess deposits elsewhere, loess in western Europe has a direct, causal link 
with sea-level changes. The cyclic growth and decay of the Laurentide and Fennoscandian 
ice-caps during the Weichselian early and mid-glacial periods caused sea-levels to 
fluctuate between drops of 20-30 in and 40-60 in, compared to modem levels (Lambeck 
and Chappell, 2001). This exposed large areas of off-shore sediment deposits around the 
coastlines of Britain and western Europe (Huijzer and Vandenberghe, 1998). At the 
LGM, global sea-levels were up to 140 in lower than today (Lambeck and Chappell, 
2001), exposing most of the North Sea basin and the whole of the English Channel 
(Huijzer and Vandenberghe, 1998). During these periods, the palaeo-Thames, Rhine, 
Meuse and other rivers in this area fed the Fleuve Manche ('Channel River') which 
transported part of their sediment discharge through complexes of anastomosing palaeo- 
valleys to abyssal depositionary fans on the western edge of the continental shelf (Bourillet 
et al., 2003; Lericolais et al., 2003). The pre-existing sediment deposits, augmented by 
Fleuve Manche flood deposits, would have provided an extremely large source area for silt 
deilation. 
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Climate model simulations of 
the LGM (Rousseau ef al., 2002) show 
that the North Sea source area would 
have been in the path of very strong 
westerly winds, with the major 
northwestern European loess sites lying 
down-wind (Fig. 2.3). Local easterlies 
were superimposed by the summer 
glacial anticyclone over the 
Fennoscandian ice sheet. 
2.2.5.1 Britain 
Regions of eastern and southern Britain have been overlain by a thin blanket of 
loess and cover-sand deposits up to 4 in thick (Catt, 1985), mainly deposited after the 
LGM (e. g. Wintle, 1981) (Fig. 2.4). There are also a few localised patches of older 
(mainly OIS 6 and 12) loess, which are the dissected remnants of originally more extensive 
covers (Antoine et al., 2003). The grain size gradient and mineralogy of the recent loess 
suggest that some may have been derived from glacial outwash created by the North Sea 
lobe of the Late Devensian ice-sheet and transported by north-easterly winds (Catt, 1978). 
It has been heavily eroded and altered by soil-forming processes (ibid. ). Deposits of sandy 
loess in Cornwall may have been derived from outwash of the glacier that occupied the 
Irish Sea basin (Catt and Staines, 1982). 
2.2.5.2 The French Channel coast 
Lautridou (1985) proposed that the discontinuous patches or loess on the French 
coast of the western English Channel (Fig. 2.4) might be derived from orf-shore Channel 
sediments exposed during marine lowstands. Balescu (1988), Lautridou ( 1990) and Lebret 
and Lautridou (1991) used thermoluminescence characteristics, heavy mineral content, 
grain size gradients and deposit morphology to suggest that these coastal loess deposits 
have been derived from a combination of (a) Armorican marine sediment that has 
gradually migrated eastwards and (b) from calcareous detrital sediments deposited in the 
palaeoestuarles of the Somme and othei- rivers, exposed by glacio-eustatic sea level fall. 
11) 
These sediments were deflated by north to north-westerly winds and redeposited relatively 
nearby, in the valleys of' the rivers I'eccling those palaeoestuarles (Lebret and Lautridou, 
1991). 
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Figure 2.4 Loess and cover-sand deposits in southern Britain and on the French Channel coast (from 
Antoine el al., 2003). 
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Chapter 3: Loess, climate and time 
3.1 Loess as a palaeoclimate archive 
The suggestion that loess could contain records of Pleistocene climates was made 
as early as 1890 (Hardcastle, 1890), recognising that the processes that control the 
formation, transportation, deposition and post-depositional modification of loessic 
sediment are intimately connected with the prevailing climate. These processes have 
operated on a range of timescales from annual to millennial and vary in the different loess 
provinces across the world. As a result, loess sequences contain a large number of proxy 
climate signals recorded on different timescales. 
One of the key climatic indicators in loess is the presence of buried soils - 
palaeosols. The traditional view is that these represent periods when the landscape was 
stable and vegetated, and that this occurred during interglacials and interstadials (Morrison, 
1978). In this model, the presence alone of a palaeosol is taken to represent a period of 
relative warmth and humidity but this is not necessarily the case. Vliet-Lanoe (1988) 
found that in the current climate of Spitzbergen, cryosols (arctic soils) can develop under 
prostrate tundra vegetation in a few hundred years. 
Soils are classified by (inter alia) vertical 
segregation into a series of horizons from the upper 
surface to the unaltered parent material (Fig. 3.1). 
Jenny (1941) demonstrated that soil formation is 
controlled by a variety of interlinked processes. These 
include humidity levels and temperatures, the action of 
vegetation and soil organisms (responding to humidity, 
temperature, soil chemistry, pH, availability of nutrients 
etc. ), surface stability, the nature of the parent material 
(e. g. texture, moisture retention, aeration, chemistry) and 
time. Catt (1991) suggested that since locss was a 
relatively uniform sediment, the types of soils formed in 
it could be compared directly to modem analogues and 
thus provide a reliable indicator of the palaeoclimate that 
formed that soil. However, there are several areas of 
uncertainty that inhibit the apparent simplicity of this 
approach. It is unclear whether the soil development rate 
responds in a linear, proportional form to change in one 
0 Horizon 
(dominated 
by organic 
debris) 
A Horizon 
(organic-rich) 
or E Horizon 
(cluvated 
zone) 
B Horizon 
(illunted 
zone) 
C Horizon 
(partially 
Z3 decornposed 
parent 
material) 
R Horizon 
(unaltered 
parent 
material) 
Figure 3.1. The vertical 
classification of soil horizons 
(after Food and Agriculture 
Organisation of the United 
Nations, 1998) 
or more of the controlling parameters or whether some aspects respond as step functions 
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when certain thresholds are exceeded (Muhs, 1984). In addition, fundamental diagnostic 
features in those modem analogues may actually have been formed much earlier under 
different conditions (Van Vliet-Lanod, 1990). In many loess-palaeosol sequences, erosion 
between the end of soil formation and the recommencement of loess deposition has almost 
invariably removed 0 horizons, part or all of the A horizon and sometimes part of the B 
horizon. In addition, pedogenic carbonate loss can be masked by subsequent carbonate 
mobility (e. g. Kemp, 2001). Nevertheless, provided assumptions and constraints are taken 
into account, palaeosols can be used as climatic indicators (ibid. ). 
Kemp (200 1) and Muhs et al. (2004) have also suggested that that the formation of 
many loess-palaeosol sequences is not an either/or process. Instead, they are competing 
processes governed by changes in climate. Loess deposition takes place mainly during 
stadials, when cold and and conditions allow pedogenesis to proceed only slowly. This 
leads to the formation of loess beds, which closely resemble the source material. 
Pedogenesis is accelerated during the periods of climatic amelioration that mark 
interglacials and interstadials, accompanied by a reduction in the supply of fresh loess 
grains. 
During interglacials, including the Holocene, the source regions for some loess 
provinces have continued to deliver significant amounts of silt grains produced by high- 
altitude cold weathering (Kemp and Derbyshire, 1998, Beg6t, 1996). This is not the case 
in Europe and central North America, where the production of loessic silt grains has been 
confined to glacial periods. 
3.2 Sedimentological and enviromagnetic metrics of climate change 
The deposition and subsequent modification of loess-palaeosol sequences has been 
controlled by multiple climatic factors. As a result, these sediment complexes contain 
many different types of proxy signals. Sedimentological and enviromagnetic 
characteristics have been established to be robust and reliable tools in the interpretation of 
some of these climate change proxy signals; they are used in this study to provide a 
&calibration standard' against which geochemical variation can be compared, showing the 
extent to which geochemical variation, as a proxy for climate change, correlates with 
indications of climate change shown by these other proxies. This will allow the utility of 
geochemical change as a climate proxy to be assessed, 
3.2.1 Particle shape and size 
Particle shape, size and particle-size distribution are among the fundamental 
physical properties of sediments. The determination of those properties and analysis of 
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how they vary in time or space can provide important clues to the source of the sediment 
grains, the transport mechanisms, the conditions under which they were deposited and, in 
some cases, the effects of post-depositional processes. 
Wind moves mineral grains through a combination of creep (rolling/sliding), 
saltation (briefly airborne, in bounces) and airborne suspension (Fig. 3.2). There is no 
sharp distinction between saltation and suspension (Tsoar and Pye, 1987). These different 
transport modes are not simply controlled by wind strength: atmospheric turbulence, the 
wetness and roughness of the deflationary surface and the size, shape and density of the 
grains are also strongly relevant. Typically, quartz grains larger than 0.5 mm (coarse sand) 
move by creep, grains between 0.5-0.05 mm (medium to very fine sand) move by saltation 
and short-term suspension, grains finer than 0.05 mm (silt) can be transported in 
suspension as a mineral aerosol (Bagnold, 1941, Tsoar and Pye, 1987). 
Within that suspension fraction, silt particles >20 [Lm are transported mainly in 
relatively brief suspension episodes at lower levels in the atmosphere by surface winds, 
and accumulate in the adjacent areas downwind of the source area to form loess deposits 
(Sun et d, 2002). Very fine grains (<2.5 pm) can be transported thousands of kilometers 
in high-altitude suspension (Tsoar and Pye, 1987; Pye, 1987,1995). 
fine silt: 
WIND (with turbulent eddies) longcr-tcrm 
10 suspension 
v. fine sand & 
Medium & fine sand: coarse 
silt: 
saltation (bouncing) shortcr-term suspension 
coarse sand: rolling (creep) 
Figure 3.2. Summary diagram showing the principal modes of acolian sediment transport 
(after Pye, 1995). 
The model commonly used to describe palaeowind control of transported grain size 
(e. g. Pye, 1995) assumes, implicitly, that all factors other than variation in wind strength 
remain constant, that the source sediment surface contains an abundant population of 
representative and homogeneous grains in a range of sizes from ultra-fine to very coarse 
and that deposition occurs progressively throughout transportation episodes, not as a single 
event. Within those limitations, variation in the grain size distribution through the vertical 
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profile of an aeolian deposit at a single site can be considered as a temporal proxy for wind 
strength variation. Under conditions of approximately-constant wind direction, 
gravitational sedimentation during sub-aerial transport phases is likely to impose a down- 
wind fming trend, which may illuminate the source/site relationship or indicate prevailing 
wind directions (Pye, 1987). However, there are multiple ways in which a particular grain 
size distribution can be obtained and so it should be considered indicative rather than 
conclusive (McTainsh and Walker, 1982; Pye, 1992). 
These temporal and spatial trends are apparent in Chinese loess. At individual 
loess sites, down-profile variation in grain-size reflects medium- and long-term change in 
the strength of the East Asian Monsoon system (e. g. Polter and An, 1995, Lu et al., 2004). 
Coarser-grained sediments were deposited in dynamic climatic conditions of cold, aridity 
and strong winds; finer-grained sediments were deposited in conditions of climatic 
amelioration, increased humidity and weaker winds (e. g. Liu et al., 1985). Overall, 
Chinese loess grain size distributions show a fining trend from northwest to southeast (Liu, 
1966), down-wind of the eastern desert regions which act as temporary 'holding areas' for 
loessic grains (see Section 2.2.1). 
Western Europe shows similar trends, imposed by predominantly west winds (Fig. 
2.3). Cover-sand and loess deposits along the French Channel coast and in the 
Netherlands/]3elgium/northem France region are deposited east and south of their assessed 
source areas (see Section 2.2.5) and Rhine loess thins east of its river valley source 
(Smalley, 1975). Grain size variation at individual sites can be related to the climatic 
conditions prevailing at the time of deposition (Vandenberghe et al., 1998). For example, 
Rousseau et al. (2002) identified a 1500-year periodicity in loess grain-size variation in the 
southern Rhine valley, related to wider climatic changes. 
3.2.2 Carbonate content 
Loess is frequently calcareous, typically with a carbonate content in the range 15- 
25%. Carbonates are highly mobile and, as a result, the carbonate content will include not 
only silt-sized fragments of the source rocks but also calcitic cement formed by in-situ 
processes. In addition, some may be derived from the local bedrock, as is the case at the 
Harmignies site in Belgium, used in this study (see Section 4.2.1). Controlling factors 
include: 
a) the source(s), nature and chemical compositions of carbonate particles delivered 
during loess deposition, 
b) carbonate dissolution by meteoric water containing C02 and plant acids, typically 
during pedogenesis, and, 
27 
c) calcite re-precipitation from groundwater enriched in bicarbonate and calcium ions 
when the microenvironment becomes alkaline, typically during pedogenesis. 
Dissolution and reprecipitation often result in a net downwards migration of carbonates 
in the loess sequence. This mix of source and mobility factors means that the amount of 
carbonate present in any single loess sample cannot be used as a direct climate proxy. 
However, variation in the carbonate profile can reveal episodes of depletion and 
reprecipitation and it is especially indicative of soil-forming episodes. 
3.2.3 Organic carbon content 
Loess sediments contain variable amounts of organic carbon debris, derived from 
vegetation, which grew on the original loess surface. Low amounts of organic carbon are 
associated with cold, and conditions; higher amounts are linked with episodes of warmer, 
more humid conditions and commonly correlate with palaeosol horizons (e. g. Muhs et at., 
2003). This organic content is, therefore, a climate proxy signal. It is present in the form 
of very fme organic debris. Recognisable plant fragments (e. g. roots etc. ) are very unlikely 
to be original; samples containing such material may give inaccurate analytical results. 
The fme, disseminated organic material present even in primary loess has also been used 
for radiocarbon dating (e. g. Hatt6 et al., 1999) and its isotopic composition has been used 
as a proxy for palaeoprecipitation (Hatt6 et al., 2001). 
3.2.4 Enviromagnetism 
Enviromagnetism, also known as mineral magnetism, examines the non-directional 
magnetic properties of natural iron-bearing minerals in the natural environment - primarily 
in sediments. This includes the pre-existing magnetic properties of the mineral and its 
remanent response to applied magnetic fields (Thompson and Oldfield, 1986). 
The magnetic minerals found in loess-palaeosol sequences have complex histories. 
The primary iron-rich minerals crystallise in igneous rocks, from which they are released 
by erosion and weathering. Some crystals, released by erosion, may become directly 
incorporated in sedimentary rocks and unlithified deposits. Other crystals and weathered 
compounds may be recycled through the geological environment to form assemblages of 
new iron-rich minerals in sedimentary rocks and unlithified deposits (Evans and Heller, 
2003). Those minerals may be further modified by the dynamic and large-scale processes 
that create and transport loess particles and post-depositional changes can continue this 
recycling process, destroying pre-existing iron-rich mineral particles and creating new ones 
with different properties. 
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Magnetic minerals are only a small proportion of the total iron content in loess; 
most is contained in detrital silicate mineral grains (Fine et al., 1993), which have 
paramagnetic behaviour (i. e. a weak response to imposed magnetic fields). The 
enviromagnetic properties of loess-palaeosol sequences are commonly controlled by four 
magnetic minerals (Maher et al., 1999). Magnetite (Fe304) and its fully oxidised form 
maghemitel (-f-Fe203) are ferrimagnetic. They have low coercivity (i. e. they become 
magnetised to saturation in relatively low field strengths), are strongly magnetic and will 
often dominate the magnetic properties of a sample even when present in relatively small 
amounts (Evans and Heller, 2003). Haematite (a-Fe203) and goethite (a-FeOOH) 
respectively have 'canted antiferromagnetic' and 'imperfect antiferromagnetic' propertieS2. 
This gives them low susceptibility and high coercivity (i. e. they require higher field 
strengths to reach saturation magnetisation). The effects of low- and high-coercivity 
propenies on ine acquisition 01 Temanence 
properties are shown in Fig. 3.3, and illustrate 
how magnetite is magnetised to saturation at low 
field strengths while haematite remains 
unsaturated even at relatively high field strengths. 
In enviromagnetic studies, the term 'grain' 
is not synonymous with 'particle'. it has specific 
relevance to the way that magnetism is organised 
in magnetic domains - small, self-organising 
regions of uniform magnetisation. Domain size is 
governed by the coercivity of the mineral 
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Figure 3.3 Typical IRM acquisition 
curves for pure magnetite and hacinatitc 
(Butler, 1982), showing their different 
response to mcreasing field strengths. 
involved and is closely linked to magnetic 
remanence (where the application of a magnetic field permanently alters the magnetic 
properties). The domain/size relationships for magnetite are complex and vary with grain 
shape (Evans and Heller, 2003). Assuming equant morphology, ultra-fine grains, below c. 
0.5 Vni, are too small to support even one domain. They are magnetically unstable with no 
remanence or coercivity but the magnetization of these grains can align very quickly with 
an external magnetic field, giving them high susceptibility. This is known as 
superparamagnetic (SP) behaviour. Fine grains between 0.5-1.0 gm can support a stable 
single domain (SD), have high remanence and low coercivity (ibid. ). Grains at the SP/SD 
boundary (c. 0.1 gm) are magnetically metastable; they have high remanence but some 
grains will undergo spontaneous relaxation of their individual magnetic moments, leading 
' Maglicmitc is metastable and is normally present only as ultra-fine grains since grains >1 jAm arc likely to 
convert to the more stable hacmatitc (De Boer, 1999). 2 Like maghernite, haernatitc and goethitc can both be produced by the oxidation of magnetite. 
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to an exponential decrease in sample remanence, slowing as the metastable population 
reaches stability. This is also known as viscous loss (Butler and Banerjee 1975). 
Grains larger than I ýLm can contain a small number of domains and possess many 
of the attributes of SD grains. These are termed pseudo-single-domain (PSD). With 
increasing grain size, domain structure becomes increasingly complex, forming multiple 
domains that act independently (multidomain - MD). Magnetite grains larger than 20 gm 
are invariably MD. Due to this independence, MD grains have higher coercivity and are 
less able to carry stable remanence than SD and PSD grains (Peters and Dekkers, 2003). 
Thus domain state is a ftinction of grain size. Haernatite has higher coercivity than 
magnetite and grains can remain as single domain up to 15 pm (Butler and Banneijee, 
1 975). 
This range of magnetic characteristics can be examined in a range of tests (see 
Section 5.7) and the results can identify the enviromagnetic response to processes 
accompanying climate change. One of the main enviromagnetic responses to climatic 
amelioration is the formation of ultra- fline-grain magnetite; this is discussed in Section 
3.3.5. 
3.2.5 The causes of magnetic variation between loess and palaeosols 
Le Borgne (1955) first identified that topsoils have enhanced magnetic 
susceptibility (MS), compared to their subsoil horizons. The same phenomenon is present 
in Chinese loessic palaeosols (Heller and Liu, 1982) and it is now known that NIS variation 
in these sequences correlates closely with the marine 5180 record of ice volume (Kukla et 
aL, 1988). It is, therefore, a climatic proxy. MS has been widely used in Chinese loess- 
palaeosol sequences as a climatostratigraphic indicator, proving the presence of successive 
interglacial palaeosol horizons and contributing strongly to the development of long 
chronologies (see Section 2.2.1). 
Chinese 'primary loess' is dominated by a mixture of PSD and MD magnetite 
grains but palaeosols and weathered horizons contain an increased proportion of fine and 
ultra-fine magnetite and maghemite grains with SD and SP characteristics which contribute 
to the observed magnetic enhancement (Zhou et al., 1990; Maher and Thompson, 1995; 
Van Velzen and Dekkers, 1999). These ultra-fine grains have been studied closely and 
there appear to be two major theories for their formation. 
The first is that they are the result of weathering during periods of increased 
warmth and humidity. Magnetite can oxidise to maghemite or haematite, with the mineral 
phase being size-dependent. Coarse magnetite particles can develop haernatite surface 
films while smaller particles (with large surface area to volume ratios) may undergo 
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complete oxidation (Xie et al., 2004). In this latter process, particles larger than 1-2 [tm 
oxidise to haematite (De Boer, 1999), with low susceptibility. However, smaller particles 
oxidise to stable, nano-scale, multicrystalline maghemite with very high susceptibility (Xie 
et al., 2004). 
The secondl relates to life processes during soil formation episodes. Under cyclic 
wetting/drying conditions, bacterially-mediated Fe reduction processes can efficiently 
produce ultra-fine magnetite crystals from non-magnetic available iron, as can the life 
processes of magnetotactic bacteria (Blakemore, 1982; Lovley et al., 1987; Zhou et al., 
1990; Maher and Thompson, 199 1). This occurs mainly in the biologically-active 0 and A 
soil horizons which are generally missing from loessic palaeosols (by erosion etc. ) but Fine 
et al. (1989) suggest that these newly-formed crystals may be transported to deeper 
horizons by eluvation. 
Either process - whether induced by weathering or by pedogenesis - is linked to 
humidity, temperature and time and so magnetic enhancement can be considered as a 
climate proxy signal (e. g. Maher and Thompson, 1995). However, Tang et al. (2003) 
consider that enhanced MS in Chinese palaeosols is the result of a complex mix of 
climatic, environmental, physical, geochemical and other factors that are not fully 
understood. 
Similar palaeosol MS enhancement has been observed in central Asia, eastern 
Europe (Forster and Heller, 1997; Shi et al., 2003) and France (Rousseau and Puiss6gur, 
1990). Sartori et al. (1999) attributed the observed MS enhancement in Hungarian loessic 
palaeosols mainly to weathering processes, including the oxidation of detrital magnetite to 
haematite and the conversion of pre-existing minerals into new, fine-grained magnetic 
minerals. 
Elsewhere in the world, the processes that lead to magnetic variation between loess 
and palaeosols appear to differ. In Alaskan and Siberian loess deposits, the primary loess 
has relatively high susceptibility and the palaeosols show relative MS depletion (Beg6t et 
al., 1990; Chlachula et al., 1998; Zhu et al., 2000). Beg6t et al. (1990) conclude that the 
strong winds that result in loess deposition are able to transport dense magnetic particles; 
weaker winds, characteristic of interstadial or interglacial conditions, cannot. Evans 
(2001) suggests that this is applicable when sites are close to their source regions; sites 
remote from their source are likely to be dominated by Chinese-type patterns. 
1 Other suggested pathways for NIS cahanccmmt have included: concentration by pedogenic carbonate loss 
and soil compaction (Heller and Liu, 1984); the alteration by frequent natural fircs of wcakly-magnctic soil 
minerals to strongly-magactic (Kletctschka and Bannerjcc, 1995), the formation of ultra-fine magnetic 
crystals in redox conditions linked to decomposing vegetation (Meng et aL, 1997); the dilution by rapid dust 
accumulation in cold phases of a near-constant rain of ultra-fine magnetite (Kukla et al., 1988). 
31 
A consideration applicable to specific topographic conditions rather than climate or 
region, is that in waterlogged, anaerobic, gleying conditions, magnetotactic bacterial fail to 
'thrive and pre-existing iron minerals - especially magnetite/maghemite - may be removed 
by redox processes (Nawrocki et aL, 1996; Maher, 1999; Zhu et al., 2003). This may be 
specific to individual sites, areas within sites or even the same site under different 
conditions (Liu et al., 2001). 
In Germany, different loess sequences appear to contain 'normal' and 'reversed' 
MS signatures. A well-developed Eemian palaeosol near Mainz had decreased mineral 
magnetic content, compared to its parent loess (Bibus et aL, 1996) but similar palaeosols 
elsewhere showed MS enhancement (Terhorst et al., 2001). This affected interglacial and 
interstadial soils, though the latter were only weakly developed and the magnetite present 
in these interstadial soils may be abiotic, produced relatively rapidly by weathering (ibid. ). 
Hus and Geeraerts (1999) were unable to identify magnetic enhancement in Belgian loess 
sections except in the Eemian 'Sol de Rocourt' palaeosol, which may have been caused by 
volcanic mineral particles (ibid. ). 
This evidence proves that the mineral magnetic record in loess-palaeosol sequences 
is sensitive: it is not a simple 'magnetic change equals climate change' proxy signal but is 
instead a complex response to a range of variable conditions which include the nature of 
the source material, the sourcelsite relationship, the depositionary environment and the 
nature of post-depositional modification, including the effects of climate and time. That 
sensitivity will be an important consideration when using the mineral magnetic record as a 
proxy paleoclimatic indicator in the present study. Variations in single magnetic 
parameters are ambiguous and cannot be considered in isolation; the body of 
enviromagnetic data must be placed in the wider context to understand how each site has 
responded to climatic change. 
3.3 Loess geochemistry 
3.3.1 Geochemical characteristics 
Loess contains all the major rock-forming elements - silicon (Si), titanium (Ti), 
aluminium (AI), iron (Fe), manganese (Mn), magnesium (Mg), calcium (Ca), sodium (Na), 
potassium (K) and phosphorous (P). By convention, they are reported in geochemical 
analyses (including this study) as oxides as percentage weight units (Si02, TiO2, A12039 
Fe203 (tot)l, MnO, MgO, CaO, Na2O, K20 and P205). Na and K are classed as 'alkali 
metals'; Ca and Mg are 'alkaline earth metals'. 
The Fe203 (,, *) value in ICP analysis rcpresmts total iron, notiust the specific FC203 abundance. 
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Si is present mainly as quartz, with a smaller contribution carried in feldspars, 
micas and other silicate minerals common in loess. It will, therefore, invariably comprise a 
high percentage of any loess geochemical composition- Ti is carried in minerals such as 
rutile (TiO2) and titanite/sphene (CaTiSiO5), and it can form solid-solution series with iron 
in minerals such as magnetite. The majority of the Al content is likely to be present in 
feldspars: anorthite (CaAl2Si2O&), albite (NaAlSi30g; ) and microclinelorthoclase 
(KAISi3Og). Solid solution variation between anorthite and albite is classed as plagioclase 
feldspars (CaNa)AlSi3Og); between albite and microclinelorthoclase is classed as alkali 
feldspars ((KNa)AISi3Os). Al is also carried in micas (muscovite: KA12(Si3AI)010(OH) 2; 
biotite: K(MgFe)3(AlSi3O1O)(OH)2). 
Fe is present in the magnetic minerals, as weakly magnetic oxides and hydroxides 
(including the oxide staining on quartz particles that gives loess its predominant buff 
colour) and in silicate minerals. Mn is generally present in low concentrations and can be 
concentrated into nodules under waterlogged conditions. Ca is the dominant constituent of 
limestone (as CaCO3). Ca and Mg, in variable proportion, are the dominant constituents of 
dolomite (CaMg(C03)2). Na and K are carried in feldspars and micas (see above). P is 
present mainly as phosphate minerals such as apatite (Ca5(P04)3(F)CLOII)). Most of these 
elements are also present in clay minerals, which have complex silicate compositions. 
Loess also contains a multitude of trace elernents, incorporated in a wide range of 
accessory minerals and as substitute atoms in rock-forming crystal lattices. They are 
conventionally reported as elements, in parts per million (ppm). This study examined 
barium (Ba), cobalt (Co), copper (Cu), gallium (Ga), niobium. (Nb), nickel (Ni), lead (Pb), 
scandiurn (Sc), strontium (Sr), vanadium (V), yttrium (Y) and zinc (Zn). These are 
important in rock-forming processes and can also reflect some effects of weathering. Ba 
and Sr are 'alkaline earth metals'. 
The rare-earth elements (REE) are part of the trace element population and are 
carried in a wide range of minerals. They are similarly reported as elements in ppm but are 
conventionally treated separately. They are: lanthanurn (La), cerium (Ce), praesodymiurn 
(Pr), neodymiurn (Nd), promethiurn (Pm), samarium (Sm), europiurn (Eu), gadolinium 
(Gd), terbium (Te), dysprosium (Dy), holinium (Ho), erbium (Er), thuliurn (TI), ytterbium 
(Yb), and lutetiurn (Lu). Pm is radioactive and has decayed to undetectable levels in 
geological materials. They are divided into the light REE (LREE) (La to Eu) and the 
heavy REE (HREE) (Gd to Lu). To equalise the relative abundance of atoms with even 
atomic numbers (the Oddo-Harkins rule of element abundances) and make graphical plots 
more informative, REE analytical results are conventionally normalised against known 
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standards; this study has used the Taylor and Mclennan (1985) carbonaceous chondrite 
composition. 
The REE are regarded as being among the least soluble trace elements and are 
relatively immobile under weathering conditions (Nesbitt, 1979), though some co- 
illuvation may occur with clay particles (Aide and Smith-Aide, 2003). They are frequently 
used as benchmarks for the behaviour of more mobile elements (e. g. Gallet et aL, 1998) 
and as provenance indicators (e. g. Bhatia and Taylor, 198 1; Taylor and McLennan, 1985). 
3.3.2 Loess as a proxy for the average upper crust 
Taylor, McLennan and McCulloch (1983) analysed loess as a proxy for the upper 
continental crust (UCC). The composition of 12 loess samples from sites in America, 
China, Europe and New Zealand was generally uniform (excluding variations in 
carbonates) and close to UCC composition. Silica was enriched relative to the UCC due to 
the processes of silt formation and the sorting imposed by transportation, and this caused a 
relative depletion in the other major elements. REE patterns were strikingly similar to 
those in shales, confirming from this set of worldwide samples that loess is a very 
homogeneous material, as representative of the UCC as shale is. 
This work was amplified by Gallet et aL (1998), using loess from a range of sites in 
western Europe plus Argentina and Spitzbergen. Their flindings reinforce that earlier work 
and show that loess deposits are extremely well mixed. There is a consistent pattern of 
enriched light REE and relatively flat heavy REE, with a restricted range of La/Yb and 
Eu/Eu* ratios. Gallet et al. use this constancy, plus evidence from other trace element 
ratios, to argue that these loess samples must be derived from multi-recycled and well- 
mixed ancient sediments (excluding Argentinean loess which contains particles derived 
from Cainozoic Andean volcanic rocks). Gallet et aL further state that these loess samples 
cannot have been derived by direct glacial grinding of igneous or meta-igneous bedrocks, 
since this would generate distinctive geochemical signatures. By implication, this appears 
to preclude much of Scandinavia as a major, direct source of western European loess, since 
the exposed rocks in that area are primarily igneous and meta-igneous, part of the 
Fennoscandian Shield. 
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3.4 Geochemical effects of weathering 
3.4.1 Geochemical change 
Physical and chemical weathering together play a crucial part in the rock cycle, 
converting rock into sediments, colluvium and soils. Physical weathering converts rock 
materials into smaller fragments, mainly by stress-induced fracturing, and so causes a 
reduction in mean grain size (e. g. Bartlett, 1832). However, silt-sized loess particles are 
relatively unaffected and it has no effect on the bulk geochemical properties. In contrast, 
chemical weathering is the result of a complex and variable range of factors which include 
temperature, humidity, the presence of dissolved C02 in meteoric water, the pH of soil 
solutions, the redox state at different soil horizons, the susceptibility of different minerals 
to different forms of chemical attack, the nature of secondary minerals formed by chemical 
alteration and the extent to which cations are removed by groundwater flow. It produces 
significant changes in the bulk geochemical properties of loessic sediment by the 
progressive removal of mobile elements, with the degree of loss dependant on both the 
intensity and the duration of weathering episodes. As a general trend, the alkali metals and 
alkaline earth elements are relatively mobile; Al, Ti and the REE are relatively immobile. 
According to Welch and McPhail (2003) chemical weathering in soils is heavily 
mediated by biological processes. Micro-organisms have profound effects on silicate 
mineral weathering rates by changing the soil solution pH, by producing organic acids and 
other compounds which complex with ions on the mineral surface, and by changing 
reduction/oxygenation conditions (ibid. ). Linell and Tedrow (1981) demonstrated that 
under arid, cold conditions, biological processes are restricted and pedogenesis is weak, 
though some biological activity occurs even in frozen soils (Tedrow, 1977). Rogers et al. 
(1998) showed that in anoxic groundwater conditions with limited micro-nutrient 
availability, microbial attack could destroy feldspars and form secondary clay minerals 'at 
rates orders of magnitude faster than predicted based on laboratory rates'. 
The early stages of weathering are dominated by the degradation of primary 
minerals and the release of elements in solution (e. g. loss of Ca from carbonates) (Nesbitt 
et aL, 1980). In more advanced stages of weathering, feldspars (widely present in loess) 
undergo hydrolysis which converts the crystal surface into clay micro-coatings (Berner and 
Holdren, 1977). Theoretical concepts of mineral stability, such as the Goldich stability 
series (Birkeland, 1999) and studies of rock weathering (Colman, 1982) suggest that 
potassium feldspar is stable under moderate weathering attack, as is muscovite mica, but 
plagioclase and biotite are susceptible, weathering to produce secondary clays (Wilson, 
2004). These clays retain the original Al content and remain in the weathering column but 
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the relatively soluble elements Mg, Ca, Na and K are lost to solution (Nesbitt et aL, 1980). 
The equation for the breakdown of potassium feldspar is: 
2KAlSi3O8 + 2H* + 9H20 --to- 
A12Si205(OH)4 + 4114SiO4 + 2K 
K-feldspar acid from kaolinite silica & potassium 
atmosphere (clay mineral) (in solution) 
and biosphere 
Since Ba, can substitute for K, it is commonly carried in biotite and K-feldspar. 
Unlilce Y, it tends to be retained in the secondary clays by absorption (Nesbitt et aL, 1980). 
Salm et aL (1998) conducted acid attack 'accelerated weathering' tests on clay and 
loess samples and confirmed that these soluble metals were preferentially removed. High- 
Na feldspars decomposed faster than K-feldspars and overall, clays (which have large 
surface areas to volume ratios per particle) showed the fastest decomposition loss; sands, 
the slowest. 
The homogeneity of Chinese loess: (see Section 2.2.1) has allowed researchers there 
to examine palaeosol geochemical heterogeneity with confidence that the observed 
variations are Rely to be climatically induced rather than being a function of source 
change. Gallet ct aL (1996) examined element mobility during pedogenesis. They found 
that interglacial palaeosols are severely depleted in Ca and Sr, and moderately depleted in 
Mg as a result of carbonate dissolution by meteoric water. Ca and Sr were reprecipitated as 
calcite lower in the profile. K and Na were lost due to the partial destruction of feldspars. 
Other elements were relatively invariant, especially Al and Ti Diao and Wen (1999) 
showed an weathering mobility sequence of CaC03>FeO>MgO>Na2O>K20>SiO2> 
A1203>TiO2>Fe2O3. Smith (2001) showed the same general geochemical trends in 
Argentinean loess, with weathering-induced changes identifiable in the ratios of 
mobildrelatively immobile elements such as Rb/Sr and Na2O/AI2O3. Juvign6 and Moors 
(1995) used XRD techniques to examine European loess and concluded that like China, 
carbonates were highly mobile in weathering conditions. 
This range of research work shows that loessic sediments undergo systematic 
geochemical change during weathering and that the degree of change is linked to the 
duration and intensity of the weathering event: moderate weathering results in the loss of 
elements carried in easily-weathered minerals, more intense weathering causes elements to 
be lost from less-susceptible minerals. Geochemical change induced by weathering is, 
therefore, a climate proxy signal. 
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3.4.2 Chemical weathering indices 
That consistency of geochemical response to weathering has been used to create 
'chemical weathering indices', sometimes referred to as indices of alteration. They 
characterise weathering profiles by comparing the ratios of mobile and immobile elements 
and reduce weathering complexity to a single figure. Price and Vebel (2003) recommend 
that weathering indices should be appropriate to the weathering environment: under intense 
weathering the most mobile elements will be lost relatively early in the process; under 
weak weathering even moderately-mobile elements may be unaffected. Nesbitt et aL 
(1980) and other workers suggest that the Chemical Index of Alteration (CIA; Nesbitt and 
Young, 1982) is most suitable for analysing the response by loess-palaeosol sequences to 
moderate weathering. The CIA examines the weathering of, primarily, biotite and 
plagioclase feldspar by comparing the retention in the weathering column of the original 
Al content with the loss of the relatively mobile K, Na and Ca content (removed in solution 
- see Section 3.4.1). The Ca content must be determined only from silicate minerals. 
Since indices such as the CIA will only act as valid indicators of change when 
applied against profiles with constant original compositions, one of the fundamental 
objectives of this study is to determine the extent to which the original sediment was 
homogeneous and the extent to which heterogeneity now present has been imposed by 
climatic and other aspects of change (see Section 1.4). 
The CIA has another unavoidable limitation, related to the homogeneity of the 
aeolian sediment. Loessic sediment stripped of any clay content during its transportation 
phase would produce CIA values equivalent to fresh rock, with any subsequent weathering 
generating autochthonous clays that contribute to the weathering signal. However, the 
presence of allochthonous clays (e. g. delivered as clay skins or as silt-sized aggregates) 
would generate a raised Al content and might thus indicate weathering where none had 
occurred. 
3.5 Chronological controls 
3.5.1 Tle datable event 
The establishment of precise and accurate chronologies for continental sedimentary 
sequences is a key problem in correlating terrestrial, marine and ice sheet climatic records 
and in understanding the global processes of climate change (e. g. Lang et aL, 2003). 
However, the chronological 'age' of a loess-palaeosol record could describe the age of the 
constituent crystals, the time they were converted into silt grains, the time they underwent 
final deposition or the time they were last modified (e. g. by pedogenic processes). These 
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different ages would encompass extremely 
different periods of geological time and 
could not be dated by a single technique. 
All of these different ages would provide 
useful evidence in identifying the source 
area and in reconstructing the processes 
that have produced the loess-palaeosol 
sequence as observed today. For climate 
change purposes, an accurate chronology 
of both deposition and pedogenic 
modification would be most useful but no 
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FIgure 3.4. Approximate dating ranges for various 
Quaternary dating methods (after Colman & Pierce, 
2000; Colman et at., 1987). 
single method can date both, and independent methods will return chronologies that cannot 
be accurately correlated. Fig. 3.4 provides an outline of the different dating techniques 
applicable to Quaternary records, and the periods of time they cover. Table 3.1 shows the 
applicability of these different techniques to different materials that may occur in 
conjunction with loess. 
Table 3.1. Applicability of Quaternary dating methods to sediments and related materials 
(modified from Aitken, 1990). 
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Timescales derived from stratigraphic evidence alone (e. g. magnetic susceptibility, 
grain size variation or organic carbon content) rest on assumptions and can create circular 
arguments. The measurement of amino-acid racemisation in fossil gastropod shells 
(relatively common and often well-preserved in loess) is a stratigraphic correlation 
technique which, at its best, can identify single isotope stages (Moore and Oches, 2002). 
Oches et aL (2004) have combined racemisation rates for different amino-acids in single 
shells with radiocarbon and luminescence dates to calculate mean soil palaeotemperature 
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post-burial. Fission-track dating can be used only where loess contains tephra (e. g. 
Westgate et al., 2000). U-Th disequilibriurn dating is unsuitable for pedogenic carbonate 
nodules ('Ioesskindl') due to open system behaviour (Stirling et al., 2000). Radiocarbon 
dating, using Accelerator Mass Spectrometry (AMS), can directly measure 14C in fmely- 
disseminated organic debris in loess (Hatt6 et al. 1999,2001) with errors limited to ±100 
years c. 12 ka BP, rising to ±1200 years c. 35-40 ka BP (Lang et al. (2003). However, this 
only covers part of the last ice age; to cover the whole, luminescence dating is used, which 
can provides dates to at least 100 ka. Beyond then, magnetic susceptibility variation has 
been used to provide chronological control in the deep, continuous loess-palaeosol deposits 
of the Chinese Loess Plateau. MS variation can respond to climate change (see Section 
3.4.5) and has been shown to parallel the ocean 6180 record (see Section 1.2.1). This 
correlation technique is reinforced by analysis of the periodic (and well-dated) reversals of 
the Earth's magnetic polarity, preserved in these same sediments (An et al., 1990). 
3.5.2 Luminescence age determination 
Luminescence dating was first used to date pottery (Kennedy and Knopf, 1960) but 
is extremely suitable for loess dating since it uses material that loess contains in abundance 
and it can potentially provide a depositional chronology for the whole of the last glacial- 
interglacial cycle. The technique measures the concentration of electrons held in 'electron 
traps' within the atomic lattices of feldspar and quartz crystals. If these crystals are 
exposed to light during their aeolian transport phase, the photon flux purges the traps and 
any latent luminescence signal is reduced to near-zero ('bleaching'). After burial the 
crystals are subject to continuous alpha, beta and gamma radiation from the decay of 
radionuclides (238U, 232Th and 40K) naturally present in the sediment (plus a minor 
contribution from cosmic rays). This radiation can force electrons from their stable orbits 
into the traps and the crystals begin to acquire a trapped-charge population, in effect acting 
as local dosimeters. This trapped-charge population increases proportionally with burial 
time provided that the radionuclide concentration remains invariant. As a result, the time 
elapsed since burial can be determined by measuring the sample's sensitivity and the size 
of its luminescence signal and by estimating the flux of ionising radiation to which it has 
been exposed since burial (the 'dose rate') (Murray and Olley, 2002). 
The emission of this stored signal can be stimulated in two ways: by heating the 
sample to c. 5000C (thermoluminescence - TL), and by exposing the sample to light of a 
specific wavelength (optically stimulated luminescence - OSQ. Infra-Red Stimulated 
Luminescence (IRSL, a form of OSL) stimulates the luminescence signal from feldspars 
and zircon, but not quartz. 
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Luminescence dating contains intrinsic means of examining accuracy, including the 
comparison of ages obtained from the same sediment grains using different forms of 
luminescence stimulation. This was undertaken in some previous studies by using TL and 
IRSL multiple-aliquot additive and regenerative-dose protocols on fine silt polymineral 
fractions (Harmignies: Frechen et al., 2001; Metternich: Frechen et al., 1995). Each 
technique gave age estimates with relative errors of the order ±10-20%, and mean 
estimates made with different methodologies varied by as much as 70% for the same 
sample. The overestimation of TL ages, compared to IRSL ages on the same samples 
(apparent in the Koblenz-Metternich results) may indicate the existence of partial 
bleaching, which leads to the supposition that these IRSL ages are overestimates and 
represent only maximum ages. However, since (a) most of the luminescence signal emitted 
by polymineral fractions emanates from feldspars and (b) the datable signal within those 
feldspars may have suffered anomalous fading over the sample's burial period (Wintle, 
1973), there is also the possibility that these 'maximum' ages may in fact be age 
underestimates. 
In addition, the multiple-aliquot protocols used by Frechen et al. (1995) and 
Frechen et al. (2001) to evaluate the total dose exposure (from which luminescence ages 
are derived) can generate inaccurate and imprecise ages due to inherent complications 
arising from inter-aliquot normalisation and sensitivity change. These factors make it 
difficult convincingly to equate climatic change episodes dated by those chronologies with 
other records. There appears to be a requirement for an alternative chronological control 
for the study sites to assess the accuracy of the original chronology. This is sought in this 
study through recent developments in luminescence dating. These include the elimination 
of feldspars by acid digestion (Berger et aL, 1980; Jackson et al., 1976) and improved 
protocols for determining the burial dose in quartz (Murray and Wintle, 2000) 
3.6 Problems in interpreting the climate signal in loess-palaeosol 
sequences 
Despite the detailed climatic information available from loess-palaeosol sequences, 
there are several aspects of their interpretation, especially in the European context, which 
present difficulties. The first problem is that the history of deposition in most loess sites is 
episodic, with periods of rapid deposition interrupted by long periods of non-deposition 
(e. g. Frechen et al., 2001; Muhs et al., 2004). 
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The second problem is that, as intimated above, it is impossible to develop an 
accurate loess chronology which comprehensively dates major, climatically-important 
events throughout the Weichselian. Luminescence ages developed for palaeosol horizons 
can only provide a chronology of deposition, not of pedogenic modification. The existing 
luminescence chronologies have relatively large errors which preclude the quantification of 
periods of rapid change. 
The third problem is that loess and palaeosols are prone to erosion. Increases in 
rainfall or meltwater runoff are likely to remove surface layers. Palaeosols appear to be 
especially prone to erosion during the period between the end of the soil-forming episode 
and the re-start of loess deposition, which results in the loss of the A horizon and at least 
parts of the upper B horizons (e. g. lower Rhine valley loess sequences Qkinger and 
Schirmer, 2002)). The loess record may also be affected by cryoturbation, solifluction and 
the deflation of existing loess sediment. These processes impose a lack of continuity on 
the loess-palaeosol record which cannot be resolved by even a detailed and accurate bed- 
by-bed chronology - missing evidence cannot be dated. This raises a fundamental 
problem: the datasets developed from the vertical profiles at the study sites are not 
continuous chronological sequences; they represent a series of stratigraphic 'islands', each 
ill-defined, of unknown duration and separated from the next by unknown periods of 
missing evidence. However, since the hiatus periods are unknown and largely 
unidentifiable, there is no alternative except to plot these datasets as seen. 
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Chapter 4. Loess in western Europe, and the study sites 
4.1 Distribution and provenance 
4.1.1 The loess of Belgium and northern France 
This loess province was probably derived from sediment deposited in the southern 
North Sea basin. De Ploey (1964) found the same commonality of gamet, epidote and 
homblende in Weichselian cover-sand deposits in northern Belgium that Baak (1936) 
identified in southeastern North Sea sediment and in Rhine fluvial sediments. Baak 
suggested that these North Sea sediments were deposited when the Rhine flowed 
southwards through the Straits of Dover. De Ploey concluded that these glacial cover-sand 
deposits had been formed from those North Sea sediments, remobilised by north-west 
winds. Lebret and Lautridou (1991) developed this argument to propose that North Sea 
sediment, exposed during glacial lowstands, provided the sand and silt for a major 
depositionary sequence which extends south-west from the southern Netherlands and 
Belgian coast, across central and southern Belgium and into northern France. They 
identified a diminishing grain-size gradient from the modem coast inland which they 
attributed to the effects of predominantly north-westem palaeowinds transporting grains 
southeastwards from those deflation areas (Figs. 2.3,2.4). However, this gradient cannot 
be taken entirely at face value: at least some major sand sheets formed in north-west 
Europe during a late Weichselian and phase between 14-12.4 ka (Kasse, 1997) and so this 
gradient may be diachronous. 
Fluvial sediment has been deposited in the southern North Sea basin as deltas and 
off-shore fans since at least MIS 22 (Lericolais et al., 2003); during glacial low-stands 
fresh sediment must have been deposited sub-aerially by strongly seasonal Rhine and 
Meuse outflows. In consequence, the sediments present in source area are likely to be 
complex and to have a wide range of ages 
Balescu (1988) showed that quartz grains from Belgian coastal marine sediments of 
Eemian age have luminescence characteristics similar to those of the Belgian and northern 
French loess while quartz grains from a North Sea source close to the outwash zone of the 
Scandinavian ice-cap have different luminescence characteristics. Balescu's 
measurements were made on multi-grain aliquots and so represent an average of the grains 
present. However, they reinforce the 'fluvial sediment' argument and suggest that material 
of directly glacial, Fennoscandian origin does not contribute significantly to the 
northwestern European loess story. 
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4.1.2 Rhine Valley loess 
The Rhine originates in the Central Alps of Switzerland and flows northward to the 
North Sea through a series of grabens that 
extend to the complex tectonic area of the 
North Sea basin (Fig. 4.1). It has a total 
length of 1360 krn and a drainage area of 
225,000 km2 (Allen 1997). During the 
Weichselian, the lower Rhine was a 
braided river system but it is now 
channelised and controlled (Lang et aL, 
2003). 
The Alpine part of the Rhine is 
formed by the Reuss and Aare tributaries 
in the west and the Rhine in the east (ibid. ) 
This area makes up only 4% of the 
drainage, but it has the highest topography 
and fastest erosion, producing half of the 
long-term sediment yield of the Rhine 
(Bernet et al., 2004). The rocks here have been heavily tectonised by the Alpine orogeny; 
they include granite, continental basement, metamorphic and sedimentary rocks which 
include calcitic and dolomitic limestone (Ramsay, 1963). The remaining Rhine sediment 
fraction is derived from complex and varied geological environments downstream and 
some is also supplied by tributaries. Rock types in those areas include basement rocks, 
Mesozoic and Cenozoic sediments, metamorphosed Devonian mudstones/sandstones and 
volcanoclastic deposits (Bernet et aL, 2004). 
During ice ages, intensive high-altitude weathering and glacial action in the Alpine 
drainage area must have produced immense volumes of clastic debris. This must then have 
been transported northwards along the Rhine valley by summer meltwater floods, 
supplemented by tributary contributions. As a result, the grabens now contain beds of 
Tertiary and Quaternary fluvial sands and gravels several hundred metres thick (Lang et 
al., 2003). As each annual floodwater pulse receded, large areas of fine-grained sediments 
- clay-poor, moderately sorted, unconsolidated and unfrozen - would have been exposed 
to deflation, resulting in the deposition of loess in beds on both sides of the river (Smalley, 
1975). However, only some of these areas would have suitable topographic and other 
conditions to support long-term accumulation. Elsewhere, these new sediments would be 
washed down-slope and probably back into the Rhine. The grains forming Rhine valley 
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loess may thus have undergone multiple cycles of fluvial and aeolian transport before their 
final deposition, which is likely to have resulted in strong homogenisation. Balescu (1988) 
used a combination of heavy mineral content and thermoluminescence characteristics to 
show that Rhine loess (at Ariendorf) closely resembles Rhine fluvial sediment. 
Rhine loess, at least from the Moselle confluence onwards, probably contains 
volcanic mineral particles derived from the abundant and extensive Tertiary and 
Quaternary volcanism of the Eifel region. This produced potassium-rich, silica-poor scoria 
cones, which are typical for intraplate, continental settings (Ritter et al., 2001; Bogaard, 
1995). Hand specimens obtained locally contained large biotite crystals. There is also 
evidence from this study that loess at Metternich contains material eroded from the 
Rhenish massif and sedimentary rocks south of that massif 
4.1.3 Mineralogical composition 
Swineford and Frye (1955) compared samples of, inter alia, Rhine Valley and 
Belgian loess with Kansas loess using microscope, chemical and X-ray diffraction 
techniques. The size distribution quoted in that paper suggests that Swineford and Frye did 
not consistently sample 'primary loess'; their Rhine valley samples contained coarse lithic 
fragments and particles larger than 250 gm. The main constituent of the sand/silt fraction 
was angular to well-rounded clay-coated quartz grains with some iron oxide staining, plus 
feldspar, calcite and small amounts of other mineral grains. The clay fraction contained 
calcite, quartz, illite and kaolinite. 
The Belgian loess sand/silt fraction contained angular to sub-rounded quartz grains 
stained with iron oxides, less feldspar than the Rhine valley loess, plus muscovite and 
biotite. The clay fraction contained substantial amounts of montmorillonite, plus kaolinite, 
calcite and quartz (ibid. ). It was suggested that (a) at least some of this loess was derived 
from a 'deeply weathered region', not from glacially-abraded crystalline rocks, and (b) that 
the mineralogy of both the coarse and the fine fractions was controlled by the source; the 
variation between samples could be attributed to the difference in source areas (ibid. ). 
Other mineralogical examinations of European loess reveal a wider range of 
minerals. Doeglas (1949) summarised earlier studies to demonstrate that the heavy 
mineral fraction of loess in the southern Netherlands contains a mix of igneous and 
metamorphic minerals. Epidote, garnet, zircon, rutile and hornblende each contribute 10- 
30%, and tourmaline, brookite (titanium oxide), titanite, kyanite, staurolite and andelusite 
are below 5%. 'Opaques' contribute more than 30%. Garnet, homblende, pyroxene, 
tourmaline and zircon are Rhine valley loess components (Boenigk et al., 1994). This 
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range of igneous and metamorphic minerals can be attributed to the variety of source rocks 
in the Rhine catchment area. 
4.2 The study sites 
4.2.1 Harinignies 
The Harmignies site is located in the aeolian belt that stretches ffom the 
Netherlands coast south-east into northern France (Fig. 2.4). Haesaerts and van Vliet- 
Lanoe, both major researchers in western European loess, consider it to be one of the most 
imnrk-H nnt c; t Pc fr%r Insace 
research in Belgium and 
northern France (e. g. 
Haesaerts and van Vfiet, 
1973). Apart from one 
horizon which was heavily 
gullied, Frechen et al. (2001) 
consider that the site shows 
little evidence for reworking 
by sheetwash or solifluction 
compared to many others in 
this general area. 
It is located in 
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Figure 4.2. Location of Harmignies. 
southern Belgium, at 504IN 0402E (Fig. 4.2). The topography is subdued and is 
controlled by the underlying Cretaceous chalk. At the 'Cuesta D'Harmignies', a low ridge 
oriented ENE-WSW falls steeply to the SSE. This is being heavily quarried from the south 
for cement production. As quarrying operations progressively cut northwards into the 
ridge, the loess and topsoil overburden in a strip 10-20 in wide along the quarry edge is 
regularly bulldozed clear, down to bedrock, to prevent it slumping into the quarry working 
area. This planar face, approximately 12 in high, formed the research working area. 
The site was periodically within the European permafrost zone and contains a range 
of ice segregation features, including ice lenses, cracks and large ice wedge formations 
with polygonal distributions (van Vliet, 1975). This indicates that the local climate was at 
least periodically humid and van Vliet-Lanoe (pers. comm. ) suggests that loess deposition 
here was not controlled primarily by topography, as appears to be the case at Metternich, 
but by surface wetness, with grains trapped as they hit the surface. This could explain why 
deposition here is on the upwind slope and ridge top. The limited exposures visible on the 
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lee slope suggest that much less loess was deposited there, although lee-slope deposition 
might be expected as a consequence of a slowing airflow. However, this apparent thinning 
may be an artefact of mass wasting, agricultural erosion and other forces. 
This study uses the stratigraphic assignments developed in Haesaerts (1973) and in 
van Vliet's (1975) detailed pedological study of the site (Fig. 4.3). Due to the site's 
topography when fieldwork was in progress, it was not possible to examine the full vertical 
sequence as a single profile. With the field assistance of van Vliet-Lanoe, the major 
stratigraphic units were identified in three separate, overlapping sections. This provided 
the maximum vertical continuity but as a result, the vertical profile shown in this study is 
composite. The three profile sub-units cover: 
(a) bedrock to top of Unit D, 
(b) Unit D to top of Unit F, and, 
(c) Unit F to Unit L. 
The general Weichselian age of most of the profile was confirmed by a 
luminescence chronology presented in Frechen et al. (2001). Haesaerts et al. (1999) 
assigned a date of approximately 23 ka, to the uppermost loess (close to the LGM) which 
accords with the luminescence-based chronology developed by Frechen et al. (2001) but 
dates and attributions for other key horizons do not fully agree. This is examined in 
Section 6.8.1. 
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Figure 4.3. Harmignics: stratigiraphic column. Column 5 (Tum') identifies the 
locations of luminescence samples. Column 6 shows soil horizons, together 
with indications of large and small ice wedges and cryogenic involutions. 
(after van Vlict 1975; Haesaerts et al., 1999; Frechcn el al., 2001). 
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A general view of the quarry and the relative location of the loess face is shown in 
Figs. 4.4 and 4.5. The chalk bedrock (Unit A) has undergone pre-Tertiary sub-aerial karst 
weathering and a Tertiary glauconitic marine sand is present in dissolution pockets (Unit 
B/Q. That is variably overlain by irregular patches of an undated terra fusca-type 
interglacial palaeosol (van Vliet, 1975) and residual flint gravels and sands that Haesaerts 
(1998) allnbutes to the Saalian glacial period (MIS 6) (Unit B/C) (Fig. 4.6). This complex 
of sands, gravels and palaeosol is overlain by palaeosols formed during the Eemian and 
Weichselian Early Glacial periods (Units D and E, lower Unit F). Those are mainly 
formed from recycled sediments (van Vliet, 1975) but this study shows that towards the 
end of this period, they contain increasing amounts of silt, presumably delivered by aeolian 
action. During the early part of the Lower Pleniglacial period (upper Unit F) the 
deposition of primary loess commenced. More than 8m of loess accumulated (Units G-K) 
(Figs 4.7,4.8), containing evidence for periods of intense cold, climatic amelioration and 
erosion (van Vliet, 1975; Frechen et al., 200 1). The sequence is covered by an agricultural 
Holocene topsoil (Unit L) derived from aeolian deposits (van Vliet, 1975). 
The loess contains an abundance of angular chalk particles up to several 
millimetres long (apparent in Fig. 4.8). These must have been derived from exposed, frost- 
shattered bedrock on the steep south-facing front of the Cuesta d'Harmignies ridge since 
the gentle, north-facing slope was a zone of loess deposition. The particles must have been 
blown up-slope by winds from the south (van Vliet, 1975) although within the loess, some 
particles form lateral ripples formed by predominantly west or north-west winds (ibid. ). 
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Figure 4.4. Harmignies: general view of 
quarry, showing chalk (red), stained by soil and 
algae, and loess (green). The post-glacial soil 
is circled. 
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IV 
Figure 4.5. Harmigmes: upper profile, from 
Unit F to Unit L (post-glacial soil) (2 m survey 
pole for scale). 
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Figure 4.6. Harmignics: lower profile, showing karst chalk bedrock and lowermost palacosol 
units (2 m survey pole). 
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Figure 4.7. Harmignies loess section, showing 
upper Unit F (cryoturbated) and lower Unit G. 
I in ruler at right 
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IN - "11-41A Figure 4.8. Harmignies loess section, showing 
upper Unit G, a cryoturbated humic horizon at 
the base of Unit H and part of Unit H. The 
white speckles are large chalk particles. Im 
ruler at right. 
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4.2.2 Koblenz-Metternich 
The Koblenz-Mettemich 
site is located on the north bank of 
the Moselle valley at 5037N 
0755E, approximately 20m above 
modem river height and close to 
the Moselle-Rhine confluence. At nL 
this point, the ridgeline behind the 
site slopes steeply to the Moselle 
river. 
The area was formerly L, 0/ 
quarried for brick-making and the 
Wiesbaden 
PA ATI! CZ PALArE 
kibin L 
most accessible section of the 
BAVARIA 
Saa'rbr. 
L! 
ý 
S 
exposure is now part of a private Ucký stillart -Ný 
garden . It 
has been investigated BADEI#-1' Munich 
th WKTTEMOIS, 414 
since the start of the 20 century 
as an archaeological site and for C34 /maps 
its stratigraphy, and is a protected Figure 4.9 Location of Koblenz-Mettcrnich. 
4natural monument' (Boenigk and I 
Map couftesy ofwww. the(doraxom/niaps, uscd with permission. 
Frechen, 2001). It is considered to contain a fully-representative history of loess 
deposition in the central Rhine valley during the Weichselian (Frechen, pers. comm. ). The 
former working face of the quarry is wooded and forms near-vertical, east-facing cliffs 
approximately 20-25m high, against the steep bedrock slope up to the ridgeline. These 
cliffs extends south-westwards (upstream) for a few hundred metres and appear to thin and 
vanish against a steepening valley slope. Within fifty metres nortli-eastwards, it thins to a 
few metres in thickness where a valley must have carried surface water down from the 
ridge. The vertical profile is not accessible in one continuous sequence; previous workers 
have cut a series of ledges that provide moderate support for ladders. In consequence, the 
Mettemich vertical profile used in this study is, like that for Harmignies, composite. 
A luminescence chronology by Frechen et al. (1995) proved that most of the profile 
is Weichselian; units below the current ground level extend to the Eemian. 
The profile has not previously been divided into a series of well-defined units and 
so an arbitrary, simplified stratigraphy has been developed here, based partly on 
stratigraphic variation and partly on depth (Fig. 4.10). Unit I is pre-MIS 5a loess; Unit 2 is 
the early Weichselian palaeosol complex; Unit 3 starts with the loess marker horizon and 
continues up to 16 in depth; it includes the transition to primary loess deposition. Unit 4 
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extends from 16 to 12 m and Unit 5 from 12 to Im depth. Both contain primary and 
reworked loess, with gravel horizons. Unit 6 is the overlying post-glacial soil. 
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A general view of the site is shown in Fig. 4.11. The base of the sequence rests on 
fluvial Moselle sands and gravels (Fig. 4.12) which are part of a river terrace complex 
created by episodic river incision and rapid regional uplift (e. g. Meyer and Stets, 2002). 
This terrace is attributed to the penultimate (Saalian) glacial period (Remy and Paas, 
1959). 
The loess-palaeosol sequence, as currently accessible, begins with a layer of grey, 
silty loess and reworked loess sediment which is attributed to a glacial stage before MIS 5a 
(Boenigk et al, 1994, Boenigk et al, 1999, Boenigk and Frechen, 2001) (Unit 1). The upper 
part of this contains carbonate nodules ('Ioesskindl') formed by calcite reprecipitation just 
below the base of the overlying Unit 2 pedocomplex. This includes the B Horizon of a 
brown forest soil and reworked humic-rich sediments attributed to MIS 5d-5a (ibid. ). 
These soils contain small pebbles derived from an upper terrace level (Frechen, pers. 
comm. ). Those are in turn overlain by Unit 3. The base of this unit is the 'Marker Loess 
Horizon' -a distinct pale grey silty layer approximately 3-6 cm thick without internal 
structure (marked 'a' in Fig. 4.13). This has been suggested to mark the European 
continental boundary between MIS 5 and MIS 4 (Rousseau et al., 1998). It equates to the 
'early Weichselian dust storm layer' found in eastern France and eastern Europe, which 
has been dated to 64.9 ±6.9 ka (ibid. ). 
The marker horizon is overlain by thinly-laminated brown and grey-buff reworked 
sediments which become progressively more loessic (Fig. 4.13). The darker laminations 
are non-calcareous, probably reworked soil, the paler laminations are calcareous and more 
loessic. This reworked layer contains large krotovinas (animal burrows) filled with pale, 
calcareous sediment, presumably loessic alluvium washed into the burrow (marked V on 
Fig. 4.13). Within approximately 2 in these sediments become homogeneous buff-grey 
calcareous loess and the remainder of the vertical section (upper Unit 3, Unit 4 and 5) 
continues as homogeneous loess which lacks obvious palaeosol layers (Figs. 4.14-4.16). It 
contains infrequent lenses and thin layers of fine gravel with angular schist fragments and 
rounded, weathered, quartz pebbles up to c. 2 cm. These were not sampled. Boenigk et aL 
(1994) also identified several tundra gley soils ('Nassboden') in this part of the profile 
(Fig. 4.9): these could not be detected during this study's fieldwork. At the top of the 
section, the loess merges rapidly into the Unit 6 post-glacial soil and appears to have 
provided the parent material for at least that soil's C horizon. 
Evidence for modification by surface flow is present elsewhere in the loess profile, 
including erosion surfaces and thin, wedge-shaped beds of loessic alluvium. Although 
those particular features were not observed at the study section, it is likely that coarse 
material was washed down-slope from older river terraces higher on the valley side. 
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Chapter 5: Field and Laboratory methodologies 
Double, double toil and trouble; 
Fire burn and cauldron bubble.... 
[Macbeth: 4.1, Sbakespearc, W. ] 
5.1 Sample collection methodology 
Individual samples, approximately 50 mm. thick, were collected at intervals which 
would return approximately 80 samples from each site. Only one sample was taken at any 
one horizon: it is accepted that single-point sampling cannot fully represent the lateral 
variation that is likely to be present. 
Samples were collected from the 12 m vertical profile at Hannignies at 
approximately 150 mm intervals, and from the 21 in profile at Metternich at approximately 
350 mm. intervals. Samples were cut parallel to any visible laminations and where 
observable changes in lithostratigraphy occurred, sample spacing was modified to ensure 
proper representation. The existing chronologies (Frechen et al., 1995; Frechen et al., 
2001) give an average of approximately 700 years between samples, and substantially less 
than this during periods of rapid loess deposition. The thin gravel horizons at Metternich 
were examined in the field but not sampled. The condition of the loess faces, especially at 
the latter site where parts of the long-exposed face were extremely dry and hard, precluded 
the use of Teflon' tools to clear the face and to extract samples; clean stainless steel tools 
were used instead. Approximately 350 g of sediment were collected from each sample 
location to ensure that there would be sufficient material for the analyses. Samples were 
immediately stored in clean, labelled plastic bags. 
5.2 Establishing a geochemical analytical methodology 
One of the key objectives of this study is to produce detailed descriptions of the 
major, minor and rare earth element concentrations of the full sample set for each site (see 
Section 1.4). This has been undertaken using the PerkinElme Optima 4300DV 
Inductively-Coupled Plasma Optical Emission Spectroscope QCP-OES). 
5.2.1 ICP-OES principles of operation 
Optical emission spectroscopy measures the light produced by atoms that have 
been stimulated to high energies. This light is emitted at element-specific wavelengths in 
the ultra-violet, visible and infrared spectrum. The complex spectrum of light emitted by 
multi-element samples can be reduced to specific spectral lines of interest and quantified, 
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allowing the elemental concentration in the sample to be measured precisely and 
accurately. 
The Optima 4300 is capable of analyzing tens of elements simultaneously; 
additional analytes do not require additional measurement time. This instrument has a 
dual-view optical system which examines light emitted from the side of the plasma (radial 
view) or along the plasma axis (axial view). Axial viewing provides higher light intensities 
than radial, allowing low-emission and high-emission elements to be measured 
simultaneously. Each analytical result has been automatically averaged from three replicate 
measurements taken in rapid sequence. 
The Optima 4300 instrument has a highly stable radio frequency generator which 
induces intense, oscillating magnetic and electric fields within the torch. Those fields 
maintain an extremely stable argon plasma at approximately 7000-8000K (PerkinElmer, 
2000). 
The liquid samples are converted to a fine aerosol in a cross-flow nebuliser, with 
argon as the shear gas, and delivered to the heart of the plasma. At this point the droplets 
vapourise into a molecular gas which is then dissociated into its component atoms. These 
atoms move vigorously in the intensely-hot plasma field; they collide with other particles 
and absorb electromagnetic energy in a process of 'excitation' which either promotes some 
of their component electrons from stable ground state orbitals into higher energy states, or 
which liberates electrons from their atoms (ionization). Atoms have a residence time in the 
plasma of about 2 milliseconds and as these unstable atoms move forward in the argon 
stream, they decay back to stability either by re-absorbing free, high-energy electrons or by 
transferring electrons from high-energy orbitals back to stable ground state orbitals. In 
either case, the quantum energy loss is achieved by emitting photons with elementally- 
characteristic wavelengths and the light intensity for each element is governed by the 
fraction of atoms excited to the higher energy state. The potential number and 
wavelengths of spectral lines for any one element depends on the number of electrons in 
the atom and the number of energy steps involved in electron shell movement. Under the 
intense excitation conditions found in an inductively-coupled plasma, some elements (e. g. 
iron and cobalt) generate many spectral lines, others (e. g. boron) generate very few. This 
does allow the user to select from a range of spectral lines for any one element but it also 
increases potential spectral interference. Elements have differing excitation energy 
requirements and so will produce widely-differing emission counts for the same sample 
concentrations (Boss and Fredeen, 1999). 
In the Optima 4300, the total emission spectrum is spread by an echelle grating and, 
for visible light, a prism, before being directed to the segmented-array charge-coupled- 
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device detectors. Two hundred and thirtyfive sub-arrays on the detectors are automatically 
positioned at the physical locations of the pre-selected emission lines as generated by the 
optical system (PerkinElmer, 2000). They measure the incident radiation and produce 
intensity readings. Comparison of these values against previously-determined intensities 
for standards of known composition then provides elemental concentrations (see Section 
5.2.2). The PerkinElmer software provides a list of available spectral lines for each 
element, ranked by a range of performance characteristics. Experimentation proved that 
the 'default' recommendations were the most suitable for analysis of loessic flux-fusion 
samples. 
5.2.2 ICP-OES Calibration 
ICP-OES is a comparative analytical technique: the signal intensity must be 
calibrated against standards in which the concentrations of the various elements of interest 
are known There are two main calibration methods: using synthetically-prepared 
calibration standard solutions or using standard natural reference materials. It is vital for 
ICP stability that all solutions passing through it should be as closely-matched as possible, 
in terms of composition, the total dissolved solids content and the acid concentration of 
both the analyte solution and the wash solution. Although the lithologies of commercial 
rock standards differ from loess, the composition of the prepared sample is dominated by 
lithium and boron from the flux and effectively, the calibration standard solutions and the 
analytes are compositionally matched (Murray et al., 2000). The rock standards used for 
calibration must be prepared with the same reagents as the samples, from the same batches. 
In addition, a 'calibration blank', prepared with the same batches of reagents, is used to 
correct for any systematic contamination introduced by the sample preparation process. 
The samples were analysed against a wide range of commercial silicate rock 
standards (Table 5.1), which were diluted by varying amounts to ensure that they covered 
the full range of sample element concentrations. 
Compositional values were taken from Potts et aL (2000). Most of the major 
element values and some of the minor element values quoted for these standards have 
6precision .... established to be better than 10% relative (two sigma)'; precision values for 
the remainder are unquantified. The calibration curves achieved towards the latter end of 
the process of developing a satisfactory operational methodology had quality of fit better 
than. 999. 
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Table 5.1. Rock standards used as ICP calibration standards 
Reference 
standard 
Rocktype Source 
AGV-1 Andesite United States Geological Service (USGS) 
BR Basalt Centre de Rechcrches Pctrographique et 
Geochimiqucs (CRPG) 
DNC-I Diabase USGS 
GA Granite CRPG 
G-2 Granite USGS 
JB-I Alkali Basalt Geological Survey of Japan (GSJ) 
JG-la Granodiorite GSJ 
SARM-1 Granite South African Bureau of Standards (SABS) 
SCO-1 Cody Shale USGS 
SY-3 Syenite Canadian Certified Reference Materials Project 
(CCRW) 
W-2 Diabase USGS 
5.2.3 Problems in developing a reliable ICP-OES methodology for major 
element analysis 
The major element compositions of rock samples are conventionally expected to 
total 100±1%. ICP-OES instruments have inherent levels of variation that make this a 
demanding target (Walsh, 1992). 
The procedures for major element preparation and analysis were developed from an 
initial low level of understanding and underwent successive evolutionary stages to identify 
the conditions that provided suitable levels of stability and accuracy. During the initial 
stages of this study, the Optima 4300 produced unacceptable results, with significant 
sample-to-sample variation and long-term drift. This necessitated a complex and prolonged 
method development process. 
In attempts to minimise problems that might have been induced by the Optima 
4300 system, the peristaltic pump tubing was replaced ahead of schedule, the axial and 
radial windows were replaced and the ceramic in ector tube was replaced. PerkinElmer j 
advised (pers. comm. ) that Si was persistent and could remain in the system. Accordingly, 
the flow of auxiliary argon was increased, 0.8 M nitric acid was substituted for distilled 
water as the wash fluid and the inter-sample wash time was increased. 
Despite this, successive analyses of single, representative loessic sample solutions 
continued to show short-term variation exceeding 10% and drift of several percent per 
hour. In contrast, analyses of water and acid leach samples for other applications returned 
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extremely precise and accurate results with virtually no drift, suggesting that the observed 
lack of precision related more to the nature of loessic samples than the Optima 4300 itselc 
This problem was not unique: Walsh (1992) considered that although many factors 
contribute to the sample-to-sample inaccuracy widely observed in ICP-OES measurement 
of geological samples, the main cause is short-term change in nebuliser efficiency, and 
recommended the use of 'internal standards' to improve precision. These are high-purity 
solutions of one or more elements that are present in the original sample at negligible 
concentrations, added to each sample solution in precise and consistent amounts. The 
analysis run includes the internal standard as an analyte. If there are no system-induced 
errors, the concentration value for the internal standard should be the same in all samples. 
If there are system-induced errors, then successive internal standard concentration values 
will vary. However, since each successive reading relates to the same concentration value, 
the fluctuation is quantifiable and correctable. If all the measured elements were to co- 
vary with the internal standard, then this compensation factor could be applied uniformly 
to those readings, thus compensating for sample-to-sample variation and for long-term drift 
throughout that run. However, Walsh (1992) proved that elements do not all co-vary with 
these system-induced variations: different elements respond in different ways and must be 
referenced against different internal standards. Si, Al and Mg should be referenced against 
Ga, Fe and Ca against Cd, and the other alkali elements against Li. 
With the support of ICP-OES users at Royal Holloway University of London, this 
study experimented with the use of Ga and Li as internal standards. A Ga stock solution 
was used as one internal standard and since Li was already present in the precisely- 
measured amounts of flux, this was used as the second. An extensive suite of experiments 
with bulk and individual sample solutions under varying operating conditions showed that 
Ga did co-vary with Si, Al and Mg but Li proved extremely variable. During some runs it 
appeared to co-vary closely with K and Na but during other runs Na, in particular, showed 
no covariance, and this could not be explained by changes in any machine or 
methodological parameters. 
Further experiments were made at increasing sample dilutions, revealing that at a 
2% sample concentration (i. e. a 50x dilution of the 'standard' sample, with a total 
dissolved solids value of 0.012%) the system produced stable and consistent results. 
Successive analyses of a representative bulk sample produced major oxides totals that 
varied within approximately ±1% of the 100% target, with minor sample-to-sample 
variation and little long-term drift, and successive single samples consistently produced 
totals within ±2% of the target 100%. This surprising but welcome improvement in 
performance negated any requirement for internal standards and this high-dilution flux- 
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fusion method was adopted for this study. Results that produced major oxide totals of 100 
±1.5% were accepted as valid. Those that did not were re-analysed and, where necessary, 
re-processed. This low sample concentration, combined with the poor detection limits for 
Na in the ICP sykem, meant that in some samples K, Na and P results were below the 
'quantitative' threshold. However, concentrations were higher in samples that had been 
prepared by acid digest processes for minor element analysis, and prior Optima 4300 
analysis of those samples were comparable with those achieved by flux-fusion. It is, 
therefore, possible to combine these results. 
5.3 Sample preparation procedures for major, minor and rare earth 
element analysis 
The major, minor and rare-earth elements analysed in this study are defined in 
Section 3.3.1. All chemicals were analytical grade and deionised water was used for all 
dilutions and fmal rinse operations. All utensils, glassware etc. used in sample preparation 
were pre-cleaned in 10% HN03 and rinsed in deionised water. 
Minor element analysis was carried out using original sample material. Major 
element and REE analysis was carried out using the ignited samples remaining after loss- 
on-ignition tests. This ensured that the sample: flux ratio remained constant. To avoid 
rehydration, these calcined samples were stored in a dessicator until they were needed. 
5.3.1 Sample preparation for major element analysis 
Samples prepared by HF digest were unsuitable for major element analysi&--since 
silica is lost; instead, the Totland et al. (1992) lithium metaborate (LiB02) flux-fusion 
method was used. This process is rapid, cost-effective and relatively safe but vnIatile 
minor elements are lost (including Pb, Sn, Sb, Zn, plus structural water and C02). The 
process creates high concentrations of total dissolved solids (TDS) in sample solutions and 
the procedural blanks, leading to high detection levels. 
Sub-samples were ground to a fine powder in an agate pestle and mortar and 0.25 g 
(± 0.0002 g) was measured into a ceramic crucible. This was mixed to an homogeneous 
powder with 1.25 g (± 0.001 g) of SpexCertiTrep@ granular lithium metaborate flux, 
transferred to a graphite crucible and heated in an electric muffle furnace at 10500C for 20 
minutes. An intermittent problem in which some samples underwent only partial fusion 
was resolved by changing to Spectroflux@ IOOB flux (a coarse powder mix of 80% lithium 
metaborate and 20% lithium tetraborate (Li2B407)). The liquid borate glass bead was 
tipped from the hot crucible into approximately 100 ml of 0.8 M nitric acid at room 
temperature and placed on a heated magnetic stirrer plate. Samples that failed fully to 
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dissolve after 20 minutes were discarded and re-processed, as were those that precipitated 
polysilicic acid gels. This latter problem was found to be caused by slow transfer to the 
stirrer plate and was easily resolved. Samples were filtered using glass microfibre filters, 
made up to 200 ml with 0.8 M HN03 and stored in non-reactive plastic bottles. Each 
batch of samples was accompanied by a procedural blank and three rock standards, 
produced to the same procedure and with the same reagents. Aliquots of these solutions 
were further diluted with 0.8 M HN03 to achieve the 5 Ox dilution described above. 
5.3.2 Sample preparation for minor element analysis 
Samples were prepared using the Totland et al. (1992) acid dissolution 
methodology. This produces samples with low levels of total dissolved solids but is time- 
intensive and presents significant health and safety risks. Most of the common rock- 
forming minerals dissolve readily under this acid attack; some minerals such as chromite, 
zircon and rutile are resistant but this was not considered to be significant in the context of 
this study. Silica is lost as the volatile compound SiF4. 
Sub-samples of 0.5 g (±0.0002 g) of ignited, finely-ground sample (see above) 
were ground to fine powder in an agate pestle and mortar and subjected to acid attack in 20 
ml PTFE beakers. Processing was carried out in specialist fume cabinets with water 
washdown capability to remove any explosive perchlorate and perchloride deposits. 
Each sample was treated with 2 ml of 70% HN03 to remove organic material and 
carbonates, 5 ml of 40% HF and 2 ml of 60% HC104. The beakers were heated on a 
hotplate and allowed to fume to incipient dryness (evaporation to complete dryness can 
produce insoluble fluoride residues; Croudace, 1980). The acid attack was repeated twice 
using 10 ml of BF and 4 ml of HC104,, each time allowing the sample to fume to incipient 
dryness. A final attack with 4 ml of HC104 was again evaporated to incipient dryness to 
convert any remaining fluorides to soluble perchlorates. The crystalline end-product was 
dissolved in 10 ml HN03,, filtered and made up to 50 ml with deionised water. 
Each batch of samples was processed with a procedural blank and three rock 
standards (GA, JG-I and AGV-1), produced to the same procedure and with the same 
reagents. Samples that produced insoluble residues were re-processed. 
5.3.3 Sample preparation for REE analysis 
In ICP-OES analysis, the REE emit extremely complex spectra with a proliferation 
of strong emission lines and extensive spectral overlap from major element lines. The 
complexities of these emission lines, the low levels at which the REE are originally present 
(often ppb levels) and the potential for spectral interference make it necessary to remove 
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most of the major elements from the sample and to produce high-concentration REE 
sample solutions. 
REE elements are generally trivalent, which allows them to be separated from 
elements with other valencies by ion-exchange resins. Samples were prepared using the 
Watkins and Nolan (1992) methodology: 1.0 ± 0.0002 g of ignited, finely-ground sample 
was weighed into a clean ceramic crucible, gently mixed to a homogeneous powder with 
2.0 ± 0.0004 g of Spectroflux IOOB flux and transferred to a clean graphite crucible. 
Crucibles were heated to 10500C for 20 minutes and the borate bead was quenched in 
approximately 100 ml of 1.27 M HCI at room temperature. During dissolution, each 
solution was continuously stirred to prevent the formation of polysilicic acid gels and 
filtered to remove graphite particles. Samples were prepared in batches which included 
one procedural blank, one rock standard (SY-3, which has substantial REE concentrations) 
and 6 loess unknowns. 
The separation procedure was performed using Bio-Rad AG 50W-8X (200-400 
mesh) resin, loaded into ion exchange columns to a depth of 100 mm. The speed of each 
step was governed by the rate at which solutions percolated through this resin. The resin 
was pre-washed with 200 ml of deionised water and 100 ml of IM HC1. The samples 
were loaded into the columns and allowed to drain through. The resin was then eluted with 
200 ml of 1.75 M HCL and 200 ml of 1.75 M HN03 which removed the major elements 
and most of the trace elements in the solution. The REE, which are quantitatively retained 
on this resin, were then eluted by washing with 100 ml of 6M HN03, containing 5xlO -3 
oxalic acid (C2H204). followed by a ftirther 100 ml of 6M HN03. This was evaporated to 
final dryness in 25 ml beakers. Immediately before analysis, the dried sample residue was 
redissolved in 5 ml 1.5 M HN03. This limited sample volume precluded use of the 
standard autosampler system but by using a short length of narrow-bore nylon tubing to 
feed the solution directly from the preparation beaker to the ICP peristaltic pump, it was 
possible to analyse as little as 1.5 ml of sample solution. 
Eleven samples from each site were analysed for REE. Samples were selected to 
be fully representative of the range of loess and palaeosol units present at each site. 
Results have been corrected for the high and variable carbonate content using CaO values 
derived from ICP-OES major-element analysis and normalised against standard chondrite 
values (see Section 3.3.1), except where stated. 
64 
5.4 ICP precision and accuracy 
5.4.1 ICP Detection limits 
Detection limit is defined as the analyte concentration equivalent to three times the 
standard deviation of the background beneath the analyte line. (Skogerboe and Grant, 
1970). PerkinElmer (1997) quote detection limits at 3 cF of 0.05-4 ppm for many of the 
elements measured in this study. For accurate quantitification, the concentration should be 
greater than 100 times the detection limit (Boss and Fredeen, 1999). 
5.4.2 Precision and accuracy of major element determination 
In this study, the extreme dilution needed to ensure stability in Optima 4300 
analysis of flux-fusion samples forced the low-concentration elements K, Na and P below 
the detection limit in some samples. The K and Na results from successful flux-fusion 
analyses correlated strongly, with a correlation coefficient' (c. c. ) >0.9) with those from the 
previously-measured acid-digest minor-element datasets, where concentrations were 
higher. Accordingly, the more complete acid-digest data for Na, K and P have been 
converted to % oxide values and used in this study. 
A representative acid-digest sample was generated by amalgamating aliquots from 
several loess samples and was used to 
maintain a continuous quality control 
check on reproducibility and 
instantaneous precision during 
analytical runs. Fig. 5.1 shows the 
degree of precision achieved for K, 
Na and P from one long-duration run, 
in which this sample was measured a 
total of 21 times (after approximately 
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Figure 5.1 Stability of K, Na and P measurement 
during an extended run, measured from a single quality 
control solution. 
every fourth analytical sample). As demonstrated, there is only minor short-term variation 
and no long-term drift throughout the run. The summary statistics for these elements are 
shown in Table 5.2. 
Table 5.2. Variation in K, Na and P values during a 3-hour run. 
Mean conc. 1 (F %RSD 
Na20 0.456 0.007 1.5 
K20 1.779 0.013 0.7 
P205 0.103 0.004 3.5 
' The correlation cocfficient is the covariancc of two data sets divided by the product of their standard 
deviations. 
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Measurement accuracy for these elements was checked using granite rock standard 
GA (Table 5.3). Measured K and Na values were slightly higher than the reference values, 
P was slightly lower. However, no confidence limits are provided for these reference 
values (Potts et al., 2000) and so it is not possible to test statistical concordance. 
Table 5.3 Accuracy and precision of major element measurement (Na2O, K20, 
P205) 
GA reference 
values 
measured 
value (%) 
% difference 
Na2O 3.55 3.69 3.68 
K20 4.03 4.13 2.90 
P205 0.12 0.11 1 -6.11 
A similar continuous quality control check on system precision during analytical 
runs with flux-fusion solutions was made using a single bulk sample of granite rock 
standard SARM-1 (Table 5.1). Twenty-seven measurements made on major elements 
(excluding Na2O, K20, P205) during an extended run returned the levels of precision 
shown in Table 5.4. 
Table 5.4 Accuracy and precision of major element measurement (excluding Na2O, 
K20y P205) 
SARM-1 
reference 
values 
average 
measured 
values 
lo %RSD % 
difference 
Si02 75.70 75.95 0.71 0.9 -0.32 
V02 0.10 0.09 0.00 3.8 5.46 
A1203 12.08 11.98 0.06 0.5 0.84 
Fe203 1.90 1.96 0.02 0.9 -3.33 
Mno 0.02 0 - - 
Mgo 0.06 0.05 0.01 11.7 8.64 
0 0.78 0.86 0.05 5.7 -10.04 
Two a confidence levels of 'better than 10% relative' are provided for Si02 and 
A1203 (Potts et al., 2000); no confidence levels are provided for the remainder. The 
measured Si02 and A1203 values are statistically concordant. MgO is concordant with the 
reference value and the closeness of the remaining measurements to the unquantified 
reference values suggest that Optima 4300 major element measurements made on samples 
dissolved by acid digest and flux-fusion are accurate and precise. 
5.4.3 Precision and accuracy of minor element determination 
The summary statistics for a precision test, measured by eleven successive 
measurements upon a representative sample solution, are listed in Table 5.5. The results of 
an extended stability test, using a single quality control sample, are also shown in Table 5.5 
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and graphically in Fig 5.2. The precision test demonstrates that for most elements, 
precision is better than I %RSD, and the extended-duration test demonstrates the extreme 
stability of the Optima 4300. 
Table 5.5 Precision and stability of minor element analysis 
Precision test Extended stability test 
Mean 1 Cr %RSD Mean 16 %RSD 
Ba 301.20 0.92 0.31 299.71 2.76 0.92 
CO 11.97 0.08 0.69 . 11.84 0.12 1.02 Cu 1 4.35 0.05 1.21 4.30 0.11 2.49 
Ga 6.05 0.13 2.10 5.93 0.19 3.21 
Nb 15.43 0.16 1.02 15.07 0.53 3.53 
Ni 17.87 0.13 0.70 17.68 0.21 1.17 
Pb 8.18 0.61 7.40 8.10 0.59 7.26 
SC 6.38 0.04 0.66 6.34 0.10 1.54 
Sr 189.90 1.20 0.63 184.71 1.62 0.88 
Th 16.61 0.11 0.66 16.47 0.23 1.38 
v 48.95 0.18 0.36 48.79 0.42 0.85 
Y 15.88 0.08 0.50 15.87 0.13 0.85 
Zn 31.52 0.23 0.74 30.96 0.37 1.18 
IDOO - 0 Ba 0 CO A CU a Ga 0 Ni 
Pb a Sr v -*-Zn 
B-IN '0 a8 
IDO 
-w-O 0 
NNHN MM 
ID 
I 
0-0 
F, 
A A 0 q. - a0&Aa 
000 034 113 1.52 231 3 Oý 
elapsed time (hours: mins) 
Figure 5.2 Stability during minor element analysis, with 
concentrations measured repetitively from a single bulk 
sample (Nb, Sc, Th, Y omitted for clarity). 
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Arriirnrw Allac Iý ------ j 11 - 
checked using the granite 1DOO - 
rock standard GA as an 
unknown. No confidence 
levels are provided for any 
of the reference values -GA reference 
values (ppm) 
(Potts et al., 2000). Using --X- measured value (PM) 
%RSD values based on Ia Ba Co Cu Ga Nb Ni Pb' Sc Sr Th VY Zn 
values fi-om the precision Figure 5-3 Comparison of mcasured and reference minor 
element concentrations, using GA as an 'unknown'. 
test, Cu and Th were I 
statistically concordant. Ba, Ga, Sr, V and Y were all close to the reference values 
with the discrepancies concentrated at the lower concentration values. Co, Nb, Ni, 
Sc and Zn were all present in solution at values significantly below their reference 
values. It is possible that they were carried in mineral phases that did not undergo 
complete dissolution. The measured Pb concentration was higher than the reference 
value (Fig. 5.3, Table 5.6). 
Table 5.6. Accuracy of minor element analysis. 
GA reference 
values ppm) 
measured 
value (ppm). 
% 
difference 
Ba 840 810 _ -3.6 
Co 5 3 -40.0 
CU 16 17 6.3 
Ga 16 Is -6.3 
Nb 12 14 16.7 
Ni 7 6 -14.3 
Pb 30 50 66.7 
SC 7 6 -14.3 
Sr 1 310 
301 -2.9 
Th 17 17 0 
v 38 36 -5.3 
y 21 23 9.5 
Zn 80 71 -11.3 
5.4.4 Precision and accuracy of REE determination 
A precision test was carried out using the rock standard AGV-1 as an 'unknown'. 
Only three successive tests could be carried out, due to the small amounts of sample 
solution (5 ml, see Section 5.3.3). As shown in Table 5.7, they returned an average error 
of 2% RSD, reaching a maximum of 3.4%. 
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Table 5.7. Precision of REE analysis. 
Mean conc. 
(Ppm) 
10 %RSD 
La 39.4 1.0 2.5 
Cc 65.9 1.7 2.6 
Pr 6.6 0.1 0.9 
Nd 28.1 0.8 2.7 
Sni 5.3 0.1 1.5 
Eu 1.5 0.0 1.7 
Gd 4.1 0.1 1.6 
Tb 0.7 0.0 0.9 
Dy 3.2 0.1 2.3 
Ho 0.7 0.0 3.4 
Er 1 1.6 0.0 2.1 
Tm 0.3 0.0 2.1 
Yb 1.5 0.0 2.6 
Lu 0.3 0.0 3.3 
Accuracy was checked using AGV- I as an unknown to examine REE measurement 
accuracy. Two a confidence levels of 'better than 10% relative' are provided for Ce, Sm, 
Dy and Yb, the remainder are unquantified (Potts et al., 2000). Using the %RSD value 
based on Ia levels from the precision test, Ce, Pr, Sm, Tb, Ho, Er, Tm, Yb and Lu are 
statistically concordant. La and Eu are close to the reference values, Nd, Gd and Dy show 
apparent under-estimations against the reference values (shown graphically in Fig. 5.4 and 
listed in Table 5.8). 
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Figure 5.4 Comparison of measured and reference REE 
concentrations, using AGV-1 as an 'unknown'. 
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Table 5.8. Comparison of measured REE concentrations with AGV- I rock standard 
Measured 
value (ppm) 
Reference 
value (ppm) 
% 
difference 
La 39.4 38.0 3.7 
Ce 65.9 66.0 -0.1 
Pt 6.6 6.5 1.0 
Nd 28.1 34.0 -17.3 
Sm 5.3 5.9 -11.0 
Eu 1.5 1.7 -12.4 
Gd 4.1 5.2 -21.3 
Tb 0.7 0.7 -5.2 
Dy 3.2 3.8 -16.6 
Ho 0.7 0.7 0.9 
Er 1.6 1.6 2.3 
Tm 0.3 0.3 -13.5 
Yb 1.5 1.7 -8.2 
LU 1 0.3 
0.3 7.1 
5.5 Particle description and size measurement 
The sediment class size terminology used in this study conforms to Friedman and 
Sanders (1978), and is based on the Wentworth scale (Wentworth, 1922) (Table 5.9). 
Table 5.9. Size categories and terminology for sediments. 
Size (pm) Descriptive terminology 
2000-1000 very coarse sand 
1000-500 coarse sand 
500-250 medium sand 
250-125 fine sand 
125-62.5 very fine sand 
62.5-31.0 very coarse silt 
31.0-15.6 coarse silt 
15.6-7.8 medium silt 
7.8-3.9 fine silt 
3.9-2.0 very fine silt 
<2 Clay 
The grain size data produced in this study have been further analysed by means of 
the 'GRADISTAT' statistics package (Blott and Pye, 200 1) to determine the mean, mode, 
sorting, skewness and kurtosis. GRADISTAT uses Folk and Ward (1957) graphical 
methods and descriptive terms, modified by Blott and Pye (2001). 
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5.5.1 Sample preparation for optical microscopy 
A representative sample of primary loess from each site, formed by combining 
aliquots from several different samples, was used to examine variation in grain shape, 
roundness, mineralogy and homogeneity within the loess coarse-grain population. The two 
samples were decalcified using 10% HCI and then washed to remove the fine fraction 
(< c. 30 pm) since this could not be viewed clearly and was likely to obscure features of 
interest in the coarse-grain fraction. The prepared samples were viewed with a reflected- 
light Nikoe SMZ800 binocular microscope and images were captured with an integral 
digital camera, using Microsofto Eclipse Net software. Scale bars were added during 
subsequent image processing. 
5.5.2 Size measurement techniques 
A range of methods could have been used in this study to determine the particle 
size distribution of sediment samples, including sieving, X-ray diffraction granulometry 
and laser granulometry. These methods examine widely different aspects of 'size', 
influenced by variations in particle shape, density, optical properties and methodology. 
Sieving, for example, sorts by shape as well as size; results are skewed towards the two 
shorter dimensions of the measured particles. X-ray diffraction granulometry assumes that 
the sample material is homogeneous and spherical. It measures the changing X-ray 
transparency of a sample as its constituent particles settle under gravity. This provides the 
settling velocity and since a sphere's terminal velocity is proportional to its cross-sectional 
area, the size of the particles can be determined. Laser granulometry results are also based 
on 'homogeneous and spherical' assumptions and are skewed towards the longest 
dimension. This particularly affects the clay fraction; the platy nature of clay particles 
ensures that some are reported as very fine silt particles (Konert and Vandenberghe, 1997). 
In addition, results are reported in different ways: the series of size fractions 
obtained by sieving and by X-ray diffraction granulometry are both '% mass' while laser 
granulometry results are '% volume'. Thus results obtained using different methods are not 
directly comparable, making it important fully to define the method used. 
This study used the Malvern Instrumentso Mastersizer2OOO laser granulometer 
because this can measure the full grain size distributions of loessic samples in a single 
operation. The Malvern 'default' size categories provide the finest resolution; the use of 
broader size categories (permitted by the Malvern software) would produce different 
volume' results though the shape of the size distribution graph would be identical. 
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5.5.3 Sample preparation for size measurement 
Samples were removed from the sample bags as coherent lumps to avoid sorting 
effects and were wet-sieved at 500 pm to remove Thyzoliths, root fragments and clasts. 
The sediment was then dried and treated with 10% HCI to remove small chalk particles 
and other carbonates so that (a) only aeolian grains were measured and (b) grains were 
measured individually, not as cemented aggregates. Optical microscopy of crushed but 
untreated samples showed that they contained abundant sand-sized cemented aggregates; 
these were not present after acid treatment. This acid attack also removed detrital 
carbonate grains but Pye (1983) showed that in Rhine loess, calcite and dolomite grains 
were similar in size to silicate grains; their loss is not considered to affect the particle size 
distribution. This accords with the initial stages of the loess grain-size preparation 
technique proposed by Sun et aL (2000) but that technique continued with highly 
aggressive treatments to isolate the quartz grain fraction. The decarbonated, acidic sub- 
samples were carefully rinsed with distilled water and centrifuged before being stored as 
moist, thick and homogenous slurry. This was re-homogenised immediately before use 
and fractions of each sample were added to the measurement system incrementally by 
spatula to reach the required concentration. 
The potential influence of soil organic matter was examined by treating a 
representative range of prepared sub-samples with 30% H202 for 72 hours at room 
temperature. This made no difference to the measured grain size distribution and so this 
factor can be discounted. 
5.5.4 Malvern operating conditions 
The Mastersizer2OOO laser granulometer is a laser diffraction system that uses red 
and blue lasers (wavelengths 632 and 466 nm) to illuminate sample material held in liquid 
suspension in a recirculating flow which is controlled by the Hydro Malvern2OOOMU 
sample introduction unit. For all samples, the 'obscuration factor' (a measure of sample 
concentration) was maintained at 14-18%, within the Malvern 'recommended' range. 
A standard agitation speed of 2500 rpm was used to maintain coarse grains in 
suspension. At higher speeds, fine bubbles were generated which the Malvern system may 
interpret as a proliferation of coarse grains. Immediately before analysis, ultrasonic energy 
was applied for 60 seconds with a probe displacement of 20 gm, to ensure that grains were 
fully disaggregated. The rising obscuration factor showed that disaggregation occurred 
rapidly in the first 30 seconds but slowed to a halt by the end of that minute. Sperazza et 
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at. (2004) found that the application of ultrasonic energy beyond I minute could lead to 
clay flocculation or grain fracturing. 
Laser light diffraction is inversely size-dependent: the smaller the particle, the 
greater the degree of diffraction. The diffraction pattern generated by any one sample 
contains the total scattering effect of every particle present; it is detected by a sensor array 
and the resulting signals are analysed against Mie theory (Mie, 1908) which describes the 
scattering of light by particles. This theory assumes that the sample grains are 
homogeneous and spherical, that the dispersant is homogeneous and it requires the indices 
of refraction and absorption for the grains and the dispersant. For each measurement 
result, the system carried out three replicate 12-second runs, providing a total of 36,000 
readings which were automatically converted into the average particle size distribution in 
100 size fraction classes (0 to 2000 gm) as % volume. 
For this study, the refractive index value 
1.544 (pure quartz) was used for samples and 1.330 
for the dispersant (water), with an absorption factor 
of 0.1, appropriate for grains that are semi-opaque. 
The Malvern software allows diffraction data to be 
reprocessed with altered optical settings; 
experimental recalculations using an absorption 
factor of 0.5 were close to the 0.1 data but a factor of 
0.001 resulted in apparent under-reporting of the 
fine-grain spectrum below I gm and over-reporting 
at the mode (Fig. 5.5). This matches the findings of 
Sperazza et al. (2004). 
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Figure 5.5 Effect of different 
'absorption factors'on the measured 
grain size distribution. 
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5.5.5 Precision of grain size measurement 
It was considered possible that samples prepared as slurries might not be 
homoeeneous and that usin2 a si)atula to add 
successive sample aliquots to reach the required 
concentration might induce errors. A precision test 
was carried out by eleven successive analyses of a 
single, bulk sample prepared as a slurry and added 
by spatula. These tests returned extremely 
consistent results with c. c. values >0.99 (Fig. 5.6). 
This suggests that the selected methodology 
provides high precision and reproducibility. This 
agrees with previous studies (e. g. Hall, 1988; 
Loizeau et al., 1994) which have stated that laser 
diffraction size analysis is precise and generally 
accurate, especially when compared to methods 
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Figure 5.6 Variation in size 
distributions from multiple Malvern 
measurements on a representative 
sample. 
based on the measurement of size rather than 
gravitational settling rates. 
The %RSD values for the II sets of results both show that uncertainties are not 
evenly distributed across the size spectrum but are inversely proportional to the amount of 
sample present in each Malvern size category, heavily weighted to the coarse end of the 
spectrum (Fig. 5.7). At the extreme fine end of 
that spectrum, size categories which each contain 
less than 0.4% of the sample content (below 0.56 
ýtm) produce uncertainty values that reach a 
maximum of 4.5%. As the sample content in 
each size category rises to 0.5% (0.63 Vm and 
larger), uncertainty values reduce to 
approximately 1% and continue to reduce to c. 
0.4% about the mode (20-70 pm), where size 
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10 
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Figure 5.7 Comparison of %RSD with 
% content in each Malvern size category. 
category content values are in the range 3-6.5%. 
At the coarse end of the spectrum, size categories containing less than 1.0% content return 
increasingly-large uncertainty values which rise to more than 50%. Thus the high- 
uncertainty size fractions are heavily localised and affect only a small proportion of the 
sample, below 0.5 gm and above 90 gm. In this test-sample dataset, 97.5% of the inter- 
sample %RSD values are lower than 1.5%. Those fine-fraction size categories, which 
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contain less than 0.2% of the sample mass, and those coarse-fTaction categories which 
contain less than 1.0% are likely to contain significant uncertainties. 
These uncertainties are partly induced by low volumetric percentages in the tails of 
skewed non-Gaussian size distributions (Sperazza et al., 2004). At the coarse end of the 
spectrum, they may also be caused in part by a very small population of medium or coarse 
grains, present in some measurements and not in others. Since the volume of a particle is 
proportional to its radius cubed, it is possible for random measurements of a very few large 
particles to induce high uncertainties. 
5.5.6 Grain size indices 
Section 3.3.1 described the effects of variable wind strengths on loess grain size 
distributions. These effects can be investigated by grain size indices, which express the 
relationship between defmed sets of fine and coarse grain fractions as a ratio. This study 
compares two indices developed by researchers working with Chinese and European loess 
sequences, which compare different fine and coarse fractions, and has modified one to 
remove the relatively invariant clay fraction (Table 5.10). Grain size indices are valid as 
wind speed indicators only in primary loess: the fundamental grain size distribution in 
palaeosols was established prior to the pedogenic event and may have been modified by 
reworking or by clay fonnation during strong pedogenesis. 
Table 5.10. Grain size indices examined in this study. 
Grain size index Grain size Comments 
fractions (pm) 
'Rousseau index' 20-50 /<20 Based on a theoretical model by Pye (1995) which 
(Rousseau et aL, 2002) suggests that the coarse fraction is likely to be local 
while the fine fraction may have undergone long- 
distance transport. Used to examine European loess. 
'modified Rousseau 20-50/3.8-20 Developed from the 'Rousseau index' in this study to 
index' remove the relatively invariant clay fraction. 
U-ratio (Vandcnberghc 16-44/5.5-16 Used to examine Chinese locss. 
et aL, 1993) 1 
5.6 Carbonate content measurement 
The carbonate content of sediment samples can be determined by measuring the 
volumeOf C02 evolved by acid decomposition of carbonates from a known weight of 
sample under known conditions, and by measuring the weight loss caused by the reduction 
of carbonates to oxides by heating. Gasometry was the prime method used in this study, 
but since the study was already using loss-on-ignition to measure the organic carbon 
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content (see Section 5.6), sequential loss-on-ignition was used to derive a parallel 
carbonate measurement. 
5.6.1 Gasometric carbonate determination 
The gasometric method and its associated calculations are described in Gale and 
Hoare (1991). The volume Of C02 is actually derived from all the carbonates present (at 
the study sites, this includes calcium and magnesium carbonates, see Section 6.5.2) but the 
calculations treat this volume as being produced only by CaC03. Results are, therefore, 
quoted as 'calcium carbonate equivalent', and are expressed as % mass. The Bascombe 
Calcimeter used in this study had a 50 ml calibrated chamber, in comparison to the 250 ml 
version described by Gale and Hoare (199 1), which restricts the weight of high-carbonate 
samples to less than 2 g. In such cases (the majority of samples), multiple sub-samples 
were analysed and the mean was calculated. The mean %RSD on these sequential 
analyses was better than 3 %. 
Samples were oven-dried to constant weight and were weighed to an accuracy of 
0.001 g. Room temperature was measured to an accuracy of OYC and air pressure was 
determined by an aneroid barometer regularly calibrated against local aviation 
meteorological data (Staverton, 2003). Results were calculated using Gale and Hoare's 
formula: 
% CaCO3 equivalent = 
vPc/mT 
where Vý C02 volume in ml, p= pressure in mm Hg, C=0.1605, M= sample mass in g, 
T= temperature in K. System checks were carried out using pure calcium carbonate at the 
start of each run, with results within the tolerances quoted by Gale and Hoare (1991) 
(100% ± 2%). 
Many of the Harmignies samples from mid-Unit F (above c. 9 ra depth) contained 
substantial amounts of chalk particles derived from the local chalk bedrock. To examine 
the influence of the larger granules on the carbonate content, two sets of carbonate 
determinations were carried out, one on the full sample and one on a sub-sample sieved at 
300 pm. The 'full sample' tests used raw samples weighing c. 40 g. These were oven- 
dried at 105'C for 24 hours, cooled in a desiccation chamber, crushed gently in an agate 
mortar and homogenised. The 'sieved sample' tests used a second set of 40 g raw 
samples, uncrushed and wet-sieved at 300 gm using distilled water. The sieved fraction 
and the wash water was then oven-dried, gently crushed to powder, homogenised and 
cooled in a dessication chamber before measurement in the calcimeter. 
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5.7 Measurement of the organic carbon and carbonate contents by 
sequential loss-on-ignition 
5.7.1. LOI methodology 
The sequential loss-on-ignition (LOI) method is used to estimate the residual 
organic matter and carbonate contents of sediments. It measures the weight loss caused 
by: 
(a) the medium-temperature oxidation of organic material ('ashing'), and, 
(b) the evolution of C02 during the high-temperature reduction of CaC03 and 
MgC03 to CaO and MgO. 
During the first stage, carbohydrate organic matter such as cellulose and lignin is 
converted to ash and the resultant C02 and H20 is lost to atmosphere. The relative weight 
loss provides the percentage of organic matter present in the sample. For this study, this 
has been converted to the commonly-used 'percentage organic carbon' (% org. Q by using 
the empirical correction factor of 2.13 devised by Dean (1974). 
There are conflicting assessments of the validity of the second stage as a 
determinant for carbonate content, due at least in part to the fact that this degree of heating 
can drive off structural water, as is present in clays. Bengtsson and Enall (1986) claim that 
it gives a 'rough indication' but Dean (1974) concluded that for clay-poor calcareous 
sediments, it can provide accurate results. Heiri et aL (2001) used batches of 
homogeneous lake sediments with varying carbonate and organic content to examine 
combinations of sample weight, oven temperature and heating time. They recommended 
that samples should be of approximately constant weight and the first stage (ashing) should 
be carried out at 550'C. The duration should vary with the amount of organic matter 
present: 2 hours for low-organic samples, 4 hours for high-organic samples. The second 
stage (calcination) should be carried out at 950*C for 2 hours. 
This study used those Heiri et aL (2001) findings as the basis of an LOI 
methodology suitable for loess, with its low clay and low organic content. Samples 
weighing approximately 40 g were gently crushed and homogenised. Samples and 
crucibles were oven-dried to constant weight (approximately 24 hours at 1050C). Sub- 
samples of approximately 20 g were weighed to an accuracy of 0.001 g and heated for 2 
hours at 5500C in a muffle furnace. The furnace cooled naturally and the samples were 
removed as soon as possible. Final cooling to room temperature was carried out in 
dessicator vessels and samples were reweighed immediately they were cold. They were 
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then reheated to 950'C for a further 2 hours to decompose carbonates to oxides, and the 
same cooling and reweighing procedures were followed The ignited and calcined samples 
were later used to prepare sample solutions for major-element analysis. 
5.7.2 Assessment of methodological precision and accuracy 
Using the organic carbon content as a proxy for palaeoclimatic conditions demands 
that the samples are not contaminated by more recent organic material. The exposed faces 
at both study sites have supported recent vegetation growth (annual herbs at Harmignies, 
shrubs and trees at Metternich) and thus may contain recent root fragments. Care was 
taken to avoid sampling areas that contained obvious plant debris. 
The reliability of LOI carbonate determination was checked using chalk bedrock 
and pure CaC03 samples. After LOI at 9500C the chalk samples had lost between 42.4% 
and 43.3%, giving a carbonate content of 96.3-98.4%. The pure CaC03 sample lost 43.9% 
(the theoretical LOI loss factor is 44.02%; Heiri et al., 2001), giving a carbonate content 
value of 99.7%. These results prove that this methodology gives accurate results and 
confirm the Dean (1974) assessment that LOI is an accurate method of determining the 
carbonate content. 
Comparison of gasometric against LOI methods of measuring the carbonate content 
shows that the two methods produced results 
that were consistent. For both sites, LOI and 
gasometry correlate strongly (c. c. 0.99), 
illustrated in Fig. 5.8. However, for very- 
low-carbonate samples, gasometric and LOI 
measurements differed. At both sites, where 
gasometric carbonate results were below 2%, 
LOI consistently indicated that the carbonate 
content was 1-2% higher. 
The identification of dolomite as part 
of the carbonate content (see Section 6.5.1) 
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Figure 5.8. Comparison of gasometric and 
LOI carbonate content results at both sites. 
raises the possibility of LOI methodological errors since the magnesium carbonate 
component of dolomite can begin to disassociate at temperatures as low as 425'C (Heiri et 
al., 2001). In samples with high dolomite content, weight loss from the first, medium- 
temperature stage (considered to represent only the ashing of organic carbon debris) could 
also include some C02 loss from magnesium carbonate reduction, and so be an 
overestimate. Conversely, the weight loess fýom the second, high-temperature stage could 
be a small underestimate since some carbonate reduction has already occurred. 
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5.8 Detertrdnation of enviromagnetic characteristics 
Evans and Heller (2001) consider that while low-field magnetic susceptibility (MS) 
is the most commonly-investigated magnetic property, the wider range of magnetic tests 
now available offers a powerful tool for the investigation of loess-palaeosol sequences, 
especially when combined with other proxies such as particle size and carbonate content. 
Verosub and Roberts (1995) proposed that a series of ambient-temperature tests of 
magnetic susceptibility and remanence properties can provide information on: 
(a) the concentration of magnetic particles in the sample, 
(b) the range of magnetic grain sizes present, and, 
(c) the magnetic mineralogy. 
This information can be used to identify the enviromagnetic response to 
palaeoenvironmental change. These enviromagnetic characteristics, and others, have been 
examined using the range of tests and statistical comparisons listed in Tables 5.11-5.14) 
against the full sample sets from both sites. A magnetically-separated fraction was also 
subjected to optical microscopy examination. 
Natural samples will show variability in all of these magnetic characteristics, driven 
by complex responses to changing conditions. No single test can provide a def"mitive 
statement about the enviromagnetic response to change, such an assessment is dependent 
on the comparison of several tests and the use of bivariate ratios to compare different 
magnetic parameters. 
5.8.1 The magnetic properties 
The magnetic properties examined in this study, their significance and the 
techniques used to measure them are described in Table 5.11. 
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Table 5.11 The magnetic properties examined in this study 
Magnetic Measurement techniques and significance 
property 
Magnetic susceptibility Magnetic susceptibility is controlled primarily by the concentration of 
(MS' 1CF3, CLU. ) magnetic mincrals present; over the range of grain sizes found in natural 
sediments it is largely independent of the magnetic grain size (Heider et 
aL, 1996). It is the best parameter for assessing magnetic concentration 
(Peters and Dckkcrs, 2003). Values are expressed in dimensionless units 
(d. u. ). 
Measurement at low and high frequencies can identify the presence of 
ultra-fine ferrimagnetic grains (approximately 0.02 pm) because these 
grains respond differently at these two frequencies (Evans and Heller, 
2003). 
Measured in the field with the Bartington! MS2F probe head at 0.58 kHz. 
Measured in the laboratory with the MS2B dual-frcqucncy sensor at 0.465 
kHz and 4.650 kHz in a magnetic field of 0.1 mT, to give the volume 
susceptibility parameters Ktf and Khf. 
Anhystcric rcmanent SD fcrrimagnetic grains acquire ARM much more cfficicntly than larger 
magnetism (ARN1) grains, and so ARM is approximately proportional to the concentration of 
magnetitelmaghemite grains in the 0.02-0.5 prn range (Hounslow and 
Morton, 2004). 
ARM was induced using a Molspin Variac with a DC bias field of 100 mT 
and a superimposed peak alternating field of 40 mT, measured on a 
Molspin fluxgate magnetomctcr and normalized to the sample weight. 
XARm (um/kg) XARm signifies ARM normalized to the DC bias field, necessary for 
comparison against other research work, which may have used different 
bias fields, (Maher, 1988). For the reasons shown above, XARm is strongly 
grain-size dependent. 
Isothermal Rcmancnt Variation in IRM (and SIRM - below) are related to the cocrcivity 
Magnetism (IRM) spectrum of a sample and so can be used to examine the relative 
concentrations of magnetite and hacmatite. Magnetite can dominate IRM 
acquisition even when haematite forms half of the magnetic assemblage 
(Lowrie, 1990). 
Incremental IRM acquisition curves were produced using the Molspin 
pulse magnetizcr and Molspin fluxgate magnetomctcr to examine the 
sample response to increasing magnetic fields in 10 steps from 10 mT to 
880 mT, approximately equal on a log scale. Normalized to the sample 
weight (M2 /kg). 
Since rcmancncc decayed rapidly in some samples due to viscous loss (see 
below), care was taken to measure the rcmanence signal consistently, 
immediately after magoctisation. 
Saturation IRM (SIRM) SIRM is the highest amount of magnetic ranancnce that can be produced 
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in a sample by applying a large forward magnetic field (hcre 880 mT; 
assumed to be saturation). It is controlled by the magnetic concentration, 
mineralogy and grain size. SIRM was measured with a Molspin fluxgate 
magnetometer immediately after acquisition, and normalized to the sample 
wei t. 
Viscous remanent Viscous remancnt magnetism is attributable to the progressive 
magnetism. randomisation of the individual magnetic moments linked with every 
grain. Metastable SD magnetite grains near the SP/SSD threshold grain- 
size show rapid loss of remancnce (also known as viscous loss) (Butler and 
Bancdee 1975). In this study, it is expressed as the percentage loss of 
rcmanence from the initial SIRM value after 24 hours. Its general 
tendency compares to the more customary, but less sensitive, frequency- 
dependent susceptibility Xfd, which is commonly used to quantify the ultra- 
fine magnetite fraction in environmental materials (Dearing et aL, 1996). 
5.8.2 Determination of magnetic characteristics 
These tests provided data on a wide range of magnetic characteristics. Some 
measurements can be examined as individual enviromagnetic indicators and some can also 
be combined in ratios of variable and relatively invariable characteristics to clarify aspects 
of enviromagnetic behaviour. Tables 5.12,5.13 and 5.14 explain the measurement 
parameters used to determine the magnetic mineral concentration, the magnetic grain size 
and the magnetic mineralogy, respectively. 
Table 5.12 The measurement parameters used to determine the magnetic mineral 
concentration. 
Magnetic 
parameter 
Interpretation 
NIS (field Each field measurement is the average of 5 replicates, rounded to the nearest 
measurement) 0.05. 
NIS (laboratory NIS values measured on prepared samples at 0.465 and 4.65 kHz (Kjf and 
measurement) Khf). Expressed as Xif and Xhf, when normalised to the sample weight (mass- 
specific magnetic susceptibility) (units tuný kg). Each measurement is the 
average of 3 replicates, rounded to the nearest 0.05. 
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Table 5.13 The measurement parameters used to determine the magnetic grain size 
Magnetic Interpretation 
parameter 
Xfd Xfd is a magnetic granulomctry proxy that indicates the presence of SP/SD 
Frequency-dependcnt grains. It is calculated on the difference between Xjf and yhf, which is 
magnetic susceptibility controlled by the presence of ultra-fine ferrimagnctic (magnetite/ maghemite) 
(0/0 grains probably formed by in situ pedogenic processes (Maher, 1988); 
Dearing et al. 1996). A significant population of SP/SD grains will return Xfd 
values in the range 7-15%, while for MD grains Xfd is <5-6'Yo (as measured in 
natural samples, Maher, 1988)., 
XARM/Xlf For magnetic mineral assemblages dominated by magnetite, these ratios arc 
XARMISIRM widely used as granulometry proxies within the magactically-stable fraction 
SIRM/Xif from SD to MD grain size (Evans and HclIcr, 2003). Utra-finc magnetite 
grains are more cfficicnt at acquiring rcmanence, particularly ARM, While 
SIRM is size-depcndcnt (ibid. ). Samples that contain increasing abundances 
of SD and PSD grains, compared to MD grains, will yield higher 
ARM/SIRM ratios (King et al., 1982). Here, XARm has been used. 
However, SIRM is also affected by mineralogy-, in multi-mineral 
assemblages dominated by magnetite, the SIRM/Xjf ratio is low. For 
hacmatitc-dominated sediments, it is high (Opdyke and Channcll, 1996). 
Relative to ARM and SIRK Xif is relatively size-indcpcndcnt (Evans and 
. If and 
SUWXf similarly reflect Heller, 2003) and so the ratios XARm/X 
magnetite grain size within that magnetically stable fraction, with higher 
values indicating an increasing contribution by SD and PSD grains (King et 
al., 1982; Opdyke and Channell, 1996). 
XARM/Xif For sediments dominated by magnetite, this ratio reflects two magnetic 
parameters - concentration and grain size (King et al, 1982). In plotting these 
parameters, changes along a line of constant slope identify changes in 
concentration; changes in slope indicate variation in the abundance of ultra- 
fine SD and PSD magnetite grains, relative to MD grains. Samples that plot 
above or below the line of slope arc magnetically finer- or coarscr-grained 
than those which plot along the line of slope (ibid. ). 
Viscous loss The rate at which samples lose remancncc (in this study, measured after 24 
(0/0) hours) is an indication of the population of metastable magnetite grains near 
the SP/SD threshold (Butler and Bancrjcc 1975). 
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Table 5.14 The measurement parameters used to determine the magnetic mineralogy 
Magnetic Interpretation 
parameter 
S-ratio This ratio (derived from the SIRM response to an IRM backficld of -100 
mT) indicates the relative proportions of 'soft', low-cocrcivity components 
(magactitdmaghcmitc) and 'hard', high-coercivity components (hacmatitel 
gocthitc) (Blocmcndal et aL, 1992). 
S-ratio values close to I indicate a strong dominance by magnetite/ 
maghemitc, lower values indicate an increasing contribution by hacmatitel 
goethite. 
Incremental IRM This is controlled by the cocrcivity of the magnetic minerals present. 
acquisition Magnetite can become magnetically saturated by IRM fields of less than 300 
(MAM2 /kg) mT; haematite can remain unsaturated in fields exceeding the maximum 
available to this study (880 mT). IRM values that do not reach saturation by 
300 mT and which continue to rise with increasing field strengths indicate 
the presence of both magnetite and hacmatitc (Butler, 1982). However, this 
may ovcr-simplify complex magnetic behaviour (Kruivcr and Passicra, 
2001) 
'Forward S ratio' This represents the pcrcentagc IRM saturation at 300 mT in the incremental 
IRM acquisition sequence (see above), and is controlled by the proportions 
of low- and high-cocrcivity components. Pure magnetite would return a 
value of 1001/o. 
5.8.3 Methodology for field measurement of magnetic properties 
A Bartington MS20 meter was used for the field MS measurements, with the 
MS2FO sensor which operates at 0.58 kHz. The meter was zeroed in air after each reading 
to reduce the effects of thermal drift. Each measurement is the average of 5 successive 
readings, rounded to the nearest 0.05. At both sites, measurements were made at each 
sample collection point and within the topsoil profile. The loess face was cleaned and 
levelled using stainless steel implements prior to measurement and care was taken to 
ensure that the relationship of the probe head and sample surface remained constant for all 
readings. 
5.8.4 Methodology for laboratory measurement of magnetic properties 
Sub-samples were taken from each sample in the full Harmignies and Mettemich 
sample sets, air-dried, gently crushed and packed tightly in 10 ml plastic pots. Each 
sample weighed approximately 13-15 g, measured to an accuracy of. 00 1 g. These pots 
remained unopened for the full sequence of measurements. A lug on the pot lid engaged 
with a cutout in the sample holder to ensure that sample orientation remained constant. 
These were then subjected to a uniform set of environmental magnetic measurements, 
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shown in Table 5.11. Measurements were made at room temperature and a standard 
correction was made for the diamagnetic signature of the plastic pots. 
These sub-samples were prepared from the original samples and thus have high and 
variable carbonate content. Because carbonates are diamagnetic (i. e. they are composed of 
atoms which have no collective magnetic interactions and are not magnetically ordered), 
they act as a variable 'dilution factor'. This has been removed by recalculating the sample 
weight to a 'carbonate-free' value, using the % carbonate content determined by the 
gasometric method. Thus all mass-specific values are carbonate-free values. 
5.8.5 Precision of enviromagnetic measurements 
For both sites, the field MS measurements correlate strongly with the laboratory 
measurements (Harmignies, c. c. 0.9; Metternich, c. c. 1.0). 
The precision of laboratory NIS determination was tested by sets of ten successive 
measurements made on three samples with widely-differing low-frequency volume- 
specific NIS values (Kif) (12,24 and 109 10-3d. u. ). Each result is the average of three 
replicates, rounded to the nearest 0.05. The results are shown in Table 5.15 and 
demonstrate that Kif measurements (and, by implication, Khf since this is measured with the 
same equipment under the same conditions) have uncertainty values better than 1% of the 
measured values; these measurements are, therefore, precise and reproducible. 
Table 5.15. Precision of magnetic susceptibility measurement. 
Sample ref. Mean 1a %RSD 
(10 d. u. ) 
a 11.70 0.09 0.75 
(low-range) 
b 24.00 0.05 0.23 
(mid-range) 
c 108.75 0.14 0.13 
(high-range) 
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By normalization to sample weight, K11- and Kbr values are converted to the MS 
parameters Xif and Xhf, and the % difference between those parameters is the frequency- 
dependent parameter Xfd. According to Maher (1988), Xfd has significance at values 
between 7-15% (see Table 5.13). Many of the samples used in this study have low 
concentrations of magnetic minerals, and have very small differences between their Kjj- and 
Khr values (Fig. 5.9a). Accordingly, that relatively minor variation of <0.75%RSD 
identified in the KIF precision test imposes large inaccuracies on the difference 
measurement between Xif and Xhf O. e. Xfd). Prompted by that finding, and by the 
observation (Dr. Ian Foster, pers. comm. ) that Xfd determination is unreliable in low- 
concentration samples, estimates of error for the Harmignies Xfd values have been 
calculated using a systematic error of ± 0.5%RSD. For small values of Xfd, the error range 
is extremely large, confirming the Foster (2004) observation (Fig. 5.9b). In consequence, 
Xfd appears to be an unreliable proxy for grain size in these samples. 
An alternative granulometry parameter is found in the progressive randomisation of 
the individual magnetic moments in metastable SD magnetite grains near the SP threshold 
grain-size (Butler and Baneijee, 1975), known as viscous loss. It is, therefore, an 
indication of the presence of ultra-fine magnetite grains, which are likely to be pedogenic 
(Maher, 1992). Dearing et al. (1996) considers that it is more sensitive than Xrd. In this 
0-- - -- ----I Klf -0- Xfd 
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X-4 
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Fig. 5.9 Harmignicsj: (a) selected range of the Klf and Kbj data set, showing the limited difference 
between these parameters in most of the profile, (b) Xfd with error bars representing a constant error 
of ±0.5%RSD on Kif and Khf values, and, (c) comparison of Xid and 24-hour IRM loss 
parameters. 
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study, viscous loss is defined as the IRM loss after 24 hours as a percentage of the initial 
IRM88o, nT value. Fig. 5.9c demonstrates that it provides results generally comparable with 
Xfd, but with greater apparent stability and it is used in this study. 
5.8.6 Optical microscopy examination of the loess magnetic fraction 
Initial enviromagnetic data analysis suggested that enviromagnetic properties were 
dominated by coarse-grain magnetite. it was decided to examine this fraction in isolation. 
A representative bulk sample from the aeolian part of each profile was dried and gently 
crushed to fine powder using a rubber pestle. A powerful hand magnet was used to 
separate the magnetic fraction from the loess matrix and this was used again to retain the 
magnetic fraction during washing with deionised water to remove as much as possible of 
the attendant silt. This provided two samples, each of approximately 0.05 g. It is now 
suspected, but unproved, that this technique selectively captured the coarse, strongly- 
magnetic fraction. The smallest particles visible in the images shown in Section 6.7.5 (e. g. 
Figs 6.51,6.58) are approximately 10 gin (equivalent to PSD or MD magnetite); finer 
particles may have been cemented to silt particles or trapped in matrix, making them too 
heavy to lift. The technique's efficiency in extracting less-strongly-magnetic particles such 
as haematite is also suspect. 
The general physical features of this fraction, including the particle shape and size 
distribution, were examined microscopically in reflected light, using a Nikoe SMZ800 
binocular microscope. Because there was no local demagnetisation capability, the particles 
are strongly attracted to one another, obscuring features such as particle size and shape. 
Images were captured with an integral electronic camera, using Microsoft"' Eclipse Net 
software and scale bars were added during subsequent image processing. 
5.9 Luminescence age determination 
5.9.1 Sample collection and field measurement 
Ten samples were collected from each site, chosen to provide a consistent inter- 
sample spacing but avoiding gravel and obvious palaeosol horizons. Most of the samples 
were collected by driving thick-walled black plastic tubes into the freshly-cleaned face of 
the section but since the upper part of the loess face at Metternich is hard and dry, some 
samples were collected as solid blocks. The sample locations are shown in Figs 4.2 and 
4.8. The tube ends were sealed with light-proof tape and all samples were immediately 
sealed in light-proof bags. At the same time, sub-samples were taken for moisture content 
determination. 
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In situ measurements of dose rate contributions (see Section 3.5.2) were made at 
Metternich using the EG&G microNomad portable NaI gamma spectrometer. In situ 
measurements were not obtained from Harmignies due to equipment failure. As a 
substitute, samples of sediment were taken from the cleaned face within a radius of 30 cm 
of each sampling point and subjected to Neutron Activation Analysis to quantify the dose 
rate contribution. For all samples, a homogenous radiation field is assumed. 
5.9.2 Laboratory methodology 
Samples were removed from their wrapping and processed in subdued red light. 
The solid blocks were shaved down to remove all the material that had been exposed to 
light. The light-exposed ends of the tubed samples were similarly shaved back and then 
the contents of the tube were removed. 
The methodology followed Toms et al. (2004). Quartz grains in the 5-15 Pm 
fraction, plus other mineral grains of varying density and size (including feldspars) were 
separated from the sample mass by acetone sedimentation. The carbonate content of this 
sub-sample was removed with 10% HCI; feldspars, other mineral grains and amorphous 
silica were removed by digestion in 35% H2SiF6 for two weeks (Berger et al., 1980; 
Jackson et al., 1976). After further treatment with 10% HCI to remove acid-soluble 
fluorides, grains degraded to <5 pm were removed by a further acetone sedimentation 
process, leaving a small sub-sample of processed grains in the size range 5-15 Pm. Six 
aliquots (ca. 1.5 mg per sample) were mounted on aluminium discs. 
Measurement was carried out using an automated TL-DA-5 Riso set. Blue light- 
emitting diodes, filtered by a3 min Schott GG420 (Botter-Jensen et aL, 1999) were used as 
the stimulating light source. The wavelength was 470A80 nm at a power of 15 mWcm*2 . 
Infra-red stimulation, provided by IR diodes, was used to indicate the presence of 
contaminating feldspars (HUtt et aL, * 1988): none were detected, which shows that feldspars 
were successfully removed by the H2SiF6 acid digest treatment Photon emissions from 
each aliquot were filtered by three 2.5 mm HOYA U-340 and detected by a blue-green 
sensitive photomultiplier (EMI 9235QA) fitted with a bialkali photocathode. Natural 
luminescence signals were calibrated using regenerative-doses administered by a 9OSr/90Y 
beta source, itself calibrated for 5-15 pm quartz against the 'Hotspot 8009 60CO gamma 
source at the National Physical Laboratory, UK 
Equivalent dose (D. ) estimates were made using a modified version of the single- 
aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000). Up to six different 
regenerative doses were given to define a linear portion of the dose response curve from 
each aliquot. The D, value and associated error for each aliquot was then obtained by 
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interpolation from laboratory dose response and fitted using linear regression (Green and 
Margerison, 1978). A 260'C preheat was employed for 10 s prior to the measurement of 
the natural and regenerated luminescence. A5 Gy test dose, made with a 180"C, 10 s 
preheat, was used to monitor the OSL response and correct for the change in sensitivity 
throughout the measurement of natural and regenerated luminescence. Optical stimulation 
of each aliquot occurred at 160'C to reduce the effects of phototransferred 
thermoluminescence. The weighted mean D, value (central age model; Galbraith et al., 
1999) for each sample was calculated from the 6 aliquot results. 
Dose rate calculations, based on the methodology described by Aitken (1985), 
incorporated dose rate conversion factors outlined by Adamiec and Aitken (1998) and the 
absorption coefficient for water content (Zimmerman, 1971), attaching a 25% relative 
uncertainty in an attempt to accommodate the effects of potential variations in past 
moisture content. The lower luminescence efficiency of alpha radiation was 
accommodated by incorporating an a-value for each sample of 0.051 ± 0.002 (Toms, pers. 
comm. ). Cosmic dose rate estimations followed the Prescott and Hutton (1994) method. 
Luminescence ages were obtained by dividing the D, value by the total dose rate value. 
The error in luminescence age estimates is quoted at 1a confidence and is premised on the 
propagation of both systematic and experimental (1c) en-ors associated with those 
parameters that lead to the calculation of A and dose rates (Toms, 2004). The dose rates, 
equivalent dose and optical age estimates are shown in Table 6.5. 
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Chapter 6. Results 
This chapter addresses three of this study's objectives: 
(a) for each site, production of detailed descriptions of major, minor and rare earth 
element concentrations, 
(b) for each site, production of detailed descriptions of standard sedimentological 
parameters (grain size, organic carbon content, CaC03 content) and mineral 
magnetic properties, and, 
(c) the application of new luminescence dating methodologies to enhance the rigour of 
the established chronology at each site, thus increasing confidence in correlations 
between loess-palaeosol sites and to other records of climate change. 
6.2 Harmignies: geochernical analysis 
6.1.1 Major element analysis - the carbonate-related elements Ca and Mg 
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Figure 6.1 Hannignics: CaO and MgO concentrations, and CaO: MgO ratio. 
Most of the major element variation at Harmignies is associated with the carbonate 
content (present in these ignited samples mainly as CaO). CaO has a profile mean of 
6.8%, varying between 0.2-14.7% (Fig. 6.1). The very low CaO values in Unit D, E and 
lower Unit F are consistent with pedogenic decalcification from those palaeosols. The 
rapid increase in concentration in upper Unit F and Unit G is followed by a series of CaO 
peaks c. 8.5,8.0,6.5,5.5,5.0 and 1.3 m depth and troughs c. 7.5 and 5.7 m. 
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The MgO mean concentration is 1.4% (range 0.4-1.6%) (Fig. 6.1). Although, like 
CaO, the lowest values occur below mid-Unit F, consistent with pedogenic decalcification, 
MgO concentrations in those palaeosols are approximately half of the loess values, 
suggesting that Mg is also carried in non-carbonate, weathering-resistant minerals. MgO 
concentrations rise to a relatively constant level in Unit G. The MgO profile does not 
show the same degree of variation as CaO and the CaO: MgO ratio (Fig. 6.1) shows that 
during periods of carbonate increase, CaO increases by a larger proportion than MgO. 
During periods of little change (e. g. upper Unit H, Unit I, J and most of K) the ratio is 
invariant. This suggests that the CaO peaks are caused by the local reprecipitation of (Mg- 
poor) calcite. There are two episodes of MgO depletion, c. 7.5 and 6 in depth, coincident 
with CaO depletion, and there is slight depletion c. 1.5-1.4 m. Values then rise slightly at 
1.2 m before diminishing rapidly in the base of the overlying post-glacial soil. 
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Because of the 'constant sum' problem (that compositions total 100%), the high 
and independently-variable carbonate content (mainly CaC03) in these samples may 
impose apparent correlated variations in the remaining elements (Rollinson, 1993). The % 
composition values discussed below for Si02, Ti02P A1203ý Fe203(tot)q MnO, MgO, Na20 
and K20 have therefore been recalculated to sum to 100% in each sample in order to allow 
their patterns of compositional change to be examined independently of variation in that 
CaC03 content (Fig. 6.2). 
Discounting the Unit C Tertiary sand (12.5 in depth), the average Si02 content for 
the profile is 81%, and ranges from a maximum of 90% in Unit D (Eemian palaeosol) to 
77%. From Unit F upwards (the primary and re-worked loess part of the profile), the Si02 
average concentration is 80% (range 77-83%). 
The Ti02 concentration is lowest in the palaeosols, at 0.3-0.6% (Units D and E). 
From Unit F upwards, the average concentration is approximately constant at 0.8% (range 
0.7-0.9%), with a slight rise at the top of Unit K and in Unit L. 
A1203 is the second largest geochemical component and contributes an overall 
average of 9.2% (range 5.5-10.7). The lowest values are in Units C, D and lower Unit E, 
where Si02 values are high. From mid-Unit E upwards, the average content is 9.4% (range 
8.5-10.7%), with the highest values occurring in mid-Unit H. 
Compared to Ti02 and A1203, Fe203(tot) is relatively variable. The mean 
concentration is 3.9% (range 2.7-6.5%), with the highest concentration in Unit D. From 
Unit F upwards the range is more limited, varying from 3.2 to 4.8% about a mean of 3.8%. 
Here, the highest values occur in mid-Unit H and Unit L (post-glacial soil), and consistent 
low values (c. 3.4%) occur in Units I, J and K (primary loess). It shows a slight rise at the 
top of Unit K, maintained in Unit L. 
MnO is present at low concentration throughout the profile, with an average of 
0.06% (range 0.03-0.1%). There is no systematic pattern of variation: above mid-Unit H 
concentrations are relatively invariant about the mean but they vary below that, possibly 
due to heterogeneity in the distribution of pedogenic manganese nodules. 
Na2O has a profile mean concentration of 0.9% (range 0.1- 1.6%), with the lowest 
values occurring in Units C, D and E (mean 0.4%, range 0.1-0.7%). Concentrations rise in 
Unit F and from Unit G upwards the mean is 1.0% (0.6-1.6%). 
K20 varies in a very similar manner. The mean concentration value is 1.9% (range 
0.9-2.5%). The lowest values occur in Units C, D and E (mean 1.1%, range 0.9-1.4%), 
Unit F shows a progressive rise and from Unit G upwards the mean is 2.1% (range 1.4- 
2.5%). Na2O and K20 correlate strongly (c. c. 0-9); they correlate less strongly with MgO 
(c. c. 0.7) and CaO (c. c. 0.7,0.8) and do not correlate with the remaining major elements. 
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This isolates Na, K, Ca, Mg (and Sr, see Section 6.1.3) as a group of co-varying elements. 
This is due to their common relatively high solubilities under weathering conditions (see 
Section 3.4): weathering behaviour is addressed in Section 7.4. 
P205 is present at very low levels, below 0.2%. Variation in its distribution does 
not correlate with any stratigraphic features, except a slight increase at the base of Unit L, 
the post-glacial soil. 
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The minor elements analysed in this study are defined in Section 3.2.1. Minor 
element samples were taken from the original samples, which have high and variable 
carbonate contents. In consequence, results have been recalculated to 'carbonate-free' 
values as was done with the major elements, using the using the carbonate content 
determined by gasometric analysis (see Section 6.5). 
The minor element composition at Harmignies shows relatively small variation 
against the site profile (Figs. 
6.3a and 6.3b). In the lower part 
of the profile, many of the minor 
elements are relatively depleted 
in the Tertiary sand. 
Concentrations of all the minor 
elements rise in Unit D and Co, 
Ni, Sc, V, Y and Zn are present 
at concentrations equal to, or 
higher than, their concentrations 
in the remainder of the profile to 
upper Unit K. Upper Unit D 
exhibits a sharp reduction for 
those same elements, and smaller 
reductions in Cu and Ga, which 
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Figure 6.4 Hannignics: correlation between CaO and Sr. 
extend into lower Unit E. From mid Unit E to upper Unit K the minor element 
composition is relatively unchanging (except for Sr and Th) but Ba, Co, Nb, Ni, Sc, V, y 
and Zn all increase at the top of Unit K and this is maintained in Unit L- the post-glacial 
soil. 
Sr correlates strongly with the CaO content (c. c. >0.9) (Fig. 6-4), confirming that Sr 
is present mainly as Ca substitute atoms. It is also apparent that Sr has accompanied Ca in 
the episodes of apparent calcite 
reprecipitation. The presence of Sr in Unit E 
(the decarbonated palaeosol complex) shows 
that some must also be present in 
(unidentified) weathering-resistant minerals, 
although the reduction in lower Unit E 
suggests that here, those too have undergone 
weathering attack. 
21.0-- 
000 
18.0- At 
j 
15.0-- 
12.0- 
.C 9.0 
6.0 ....... 
0 50 100 150 200 250 300 
Sr (ppm) 
Figure 6.5. Hannignics: comlation betwcen 
Sr and Th. 
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For reasons that are unknown, Sr correlates strongly with Th, with the best fit given 
by a logarithmic trendlinel (Rý = 0.92) (Fig. 6.5). Like Sr, Th is present in the palaeosol 
complex and in the overlying loess but unlike Sr, Th is carried by minerals such as 
monazite, quartz, biotite and orthoclase (anon., 2005). 
Zn, Co, Ni, Cu, Sc, Y and V inter-correlate (c. c. 0.8-0.65), suggesting that they are 
carried in a linked group of minerals. Ni and V also correlate with Fe203(wt) (c. c. 0.6,0.7), 
possibly indicative of iron minerals such as magnetite (Gross, 1998). Ba correlates 
strongly with A1203 (C-C- 0.8), suggesting that they are mainly carried in the same mineral. 
Al is carried mainly in feldspars, Ba commonly substitutes for K which is carried in K- 
feldspar, so this mineral is probably alkali feldspar. The strength of the correlation between 
Ba and A1203 might indicate that either alkali feldspar is predominant, or that the 
proportion of alkali feldspar and plagioclase remains constant. Ga, Nb and Pb show very 
weak or no correlations with other elements. 
' For logarithmic trendlincs, Nficrosoft Excel calculates the least squares fit for a line represented by the 
equation y= clux + b, where b and c are constants and In is the natural logarithmic function. For linear 
trendlines, the equation is y= mv + b, where m is the slope and b is the intercept. 
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6.1.4 REE analysis 
As with the major and trace elements, REE results have been corrected for the high 
and variable carbonate content using CaO values derived ftom ICP-OES major-element 
analysis and normalised against standard chondrite values (Taylor and McLennan, 1985), 
(Figs 6.6 and 6.7) except where stated. 
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Figure 6.6. Harmignies: light rare-earth element concentrations. 
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The REE concentration at Harmignies is relatively low in Unit E and lower Unit F 
(early Weichselian palaeosols) and increases at the top of Unit F, coincident with the start 
of aeolian deposition. The LREE (Fig. 6.6) show a large increase in Unit H between at 
least 6.5-5.0 m and then return to their previous concentrations, correlating with the 
increase in A1203 (Fig. 6.2), the HREE (Fig. 6.7) show limited or no increase. 
6.2 Metternich: geochemical analysis. 
6.2.1 Major element analysis - the carbonate-related elements: Mg and Ca 
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Figure 6.8. Metternich: CaO and MgO concentrations, and CaO: MgO ratio. 
The Metternich CaO content is slightly lower than Harmignies, with a profile mean 
of 6.5%, varying between 0.6-12.8% (Fig. 6.8) and it shows clear evidence for pedogenic 
carbonate mobility. Concentrations in Unit I (pre-MIS 5a loess) are close to those of the 
Weichselian loess in Unit 5 and peak at 20.2 rn depth, where carbonate nodules 
('Ioesskindl') were found. Values are low in the palaeosols and reworked sediments of 
Unit 2 and the base of Unit 3 (the 'loess marker horizon at 18.45 m). In these low- 
carbonate horizons, CaO values are higher than in the comparable units at Harmignies, 
suggesting that at Metternich, a higher proportion of Ca may be carried in non-carbonate 
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minerals. Immediately above the 'loess marker horizon', the CaO content starts to rise and 
varies markedly throughout the remainder of Unit 3, Unit 4 and lower Unit 5. In Unit 5, 
above 11 M values become less variable and show only a progressive increase to upper 
Unit 5 when values start to fall slowly at c. 2m depth and rapidly above 1m depth, in Unit 
6 (post-glacial soil). 
The mean MgO concentration is 1.8% (1.0-2.8%) (Fig. 6.8), approximately 50% 
higher than Harmignies. MgO concentrations follow the same overall trend as CaO but do 
not co-vary with the 'spikey' pattern of CaO concentration. MgO concentrations are 
relatively high in Unit 1, low in Unit 2, rising in Unit 3 and they increase progressively 
from 1.6% to 2.5% throughout Units 4 and 5. Values drop slightly above 2m depth, at the 
top of Unit 5, and rapidly in Unit 6. 
That steady increase in Units 4 and 5 is approximately matched by CaO and by the 
carbonate content (see Section 6.5.4) but the CaO: MgO ratio (Fig. 6.8) rises from c. 3 at 
the base of Unit 4 to 4.5 near the top of Unit 5. 
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Because these samples have a high and variable carbonate content, the composition 
values discussed below for Si02, Ti02, A1203o R203(tot), MnOo MgO, Na2O and K20 have 
been recalculated to sum to 100% (Fig. 6.9). 
Compared to Hartnignies, Metternich contains less silica and more of the other 
major rock-forming elements. This is probably attributable to the greater amount and 
larger variety of mineral grains and lithic fragments present in the sample subjected to 
optical microscope examination (see Section 6.4.1.2). Ti02 average values are 8.7% 
higher than Harmignies, A1203 22.9%o R203(tot) 12.2% and MnO 56%; in consequence, 
Si02 is reduced by 4%. All vary only in small degree and the early Weichselian palaeosols 
have concentrations close to those of the predominant loess. The average Si02 content is 
77.7% (75-3-81.2%), Ti02 0.8% (0.7-1.0%)o A1203 11.2% (10.0-12.60/o), and R203(wt) 
4.4% (3.6-5.1%). The MnO mean concentration is 0.1% (0-. 2%). and is less variable than 
at Harmignies (Fig. 6.9). Compared to Harmignies, Metternich shows little stratigraphic 
major-element variation 
Na2O is present at concentrations 10% higher than Harmignies, with a mean 
concentration of 0.9% (range 0.8-1.2%). Values in Unit 2 are higher than the comparable 
palaeosol units at Harmignies, with a mean content of 0.9% (range 0.8-1.0%) and the 
concentration from Unit 3 upwards is very similar, with a mean value of 1.0% (range 0.8- 
1.2%). 
K20 is present in concentrations 30% higher than Harmignies, with a mean 
concentration of 2.4% (range 1.9-2.9%). Again the mean value in Unit 2 is relatively high, 
at 2.3% (range 2.3-2.5%) and again values in Unit 3 and above are near identical, with a 
mean of 2.5% (2.2-2.9%) (Fig. 6.9). The patterns of variation in Na2O and K20 correlate 
at 0.8 but they do not co-vary with CaO or Sr. 
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Like the major element concentrations, the minor element concentrations at 
Mettemich are substantially higher than at Han-nignies, presumably for the same reasons. 
For the full profile, the mean minor element concentration is 27% higher but this is not 
equally distributed: Ga, Sr and Y are present at concentrations less than 10% higher while 
Nb and Ni are present at concentrations more than 40% higher. Like Harmignies, the 
minor element composition throughout the Metternich profile is relatively invariant (Figs. 
6.1 Oa and 6.1 Ob). Ba, Co, Cu, Ga, Nb, Ni, Pb, Sc, V and Zn show no significant trend 
above the start of aeolian deposition at the base of Unit 3. 
Sr again co-varies strongly 
with CaO (c. c. 0.95) (Fig. 6.11), 
and with Th (Fig. 6.12). Although 
the Th data are more tightly 
clustered and less strongly 
correlated, the Sr: Th correlation is 
best fitted by a logarithmic 
trendline (R 2=0.64). 
Ni, Co, Sc, V and Ga are 
inter-correlated (c. c. 0.7-0.9), and 
they also correlate with Fe203(tot) 
(c. c. 0.7-0.8), possibly indicative 
of iron minerals. Nb and V 
correlate with Ti02 (C. C. 0.7,0.8), 
suggesting that at Metternich, 
these may be present partly as 
accessory elements in rutile, 
titanite and other minerals (Zack 
et al., 2004). This NbN/Ti02 
01 1 -- I- -- - --- -- I Lkdt 6 
2 
3 
4 
5 
6 Urit 5 
7 
8 
9 
E 
12 
13 
U614 
14 
15 
16, 
Lkit 3 
, 7, LMAat 
bý 
Udt2. 
19 
20 
21 
0369 12 15 18 5D 150 250 
unit cao N sr (PP-) 
Rgure 6.11. Mettcmich: corrclation bctwecn CaO and Sr. 
association is absent from the Harmignies dataset. Ba correlates moderately with A1203 
(c. c. 0.7), suggesting at least a partial association 
with K-feldspar (see Section 6.1.2.3). 
These results suggest that throughout the 
Mettemich profile's formational period, the 
population of particles carrying the minor 
elements had a relatively constant composition. 
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6.2.4. REE analysis 
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Results have been corrected for the high and variable carbonate content 
using CaO values derived from ICP-OES major-element analysis and normalised against 
standard chondrite values (Taylor and McLennan, 1985), except where stated. 
The LREE (Fig. 6.13) show limited evidence for a reduction in concentration in 
Unit 3 c. 18 in depth, followed by a slight increase c. 17 m depth; a feature shared by the 
HREE. Thereafter, LREE concentrations slowly decline through Units 4 and 5. The 
HREE (Fig. 6.14) show a similar pattern but with no decline in Unit 5. Both LREE and 
HREE increase slightly in Unit 6, at the base of the post-glacial soil. 
6.3 Comparison of Harmignies and Metternich REE with the 
upper continental crust. 
Plots of the chondrite- 
normalised REE distributions for 
Harmignies and Metternich are 
extremely similar to the average 
UCC distribution (c. c. 1.0) (Taylor 
and McLennan, 1985), replicating 
the LREE enrichment and 
relatively flat HREE distributions 
that are common to well-mixed 
clastic sediments (ibid. ) (Fig. 
6.15). Both sites have average I 
REE concentrations higher than the average 
UCC values (ibid. ), Metternich by 
approximately 35% and Harmignies by 
approximately 25%. Both sites are, 
therefore, enriched in REE-carrying 
minerals compared to the UCC and the 
difference between the two study sites is 
probably caused by the relative increase in 
mineral grains and lithic fragments at 
Metternich (see Section 6.4.1). 
The REE compositions at both sites 
have restricted abundance ranges 
(Harmignies: LaN = 91-114, YbN = 11-13, 
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Figure 6.15. Comparison of Harmignics and Mcttcmich 
avcragc chondritc-normalised REE compositions with the 
averagc uppcr contincrital crust composition (Taylor & 
McLcnnan, 1985). 
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averages (Barth et al., 2000). 
Mettemich: LaN 109-127, YbN = 12.5-14 (ppm)). They show the same negative Eu 
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anomaly' characteristically observed in loess (Gallet et al., 1996) with Eu/Eu* ratios' of 
0.63 (Harmignies) and 0.65 (Metternich), which fall within the 'European loess province' 
range of 0.53-0.67 (Gallet et al., 1998). 
The La/Th ratio (Th from minor element analysis) has average values of 2.6 
(Harmignies) and 2.8 (Metternich). This correlates closely with the upper continental crust 
value of 2.8 identified by McLennan (1989), and with similar values determined by Gallet 
et al. (1996) in Chinese loess and by Barth et al. (2000) for European, Alaskan and Kansas 
loess (Fig. 6.16). 
6.4 Particle shape and size analysis 
6.4.1 Description of particle shape 
The samples that were examined by optical microscopy were amalgamated from 
several 'primary loess' samples from the upper part of each profile. They are not 
representative of the original sample material because they have been acid-treated and the 
finer fractions (below c. 30 pm) have been removed (see Section 5.4.2). They are intended 
only to show those aspects of the loess coarse-grain population that are visible in reflected- 
light optical microscopy. 
6.4.1.1 Harmignies 
Within the prepared sample, the coarse-grain population (above c. 30 PM) is 
relatively homogeneous (Figs. 6.17-6.20). Lithic fragments are absent; most of the 
particles present appear to be single-mineral grains. Opaque grains are relatively frequent, 
together with a wide range of other mineral grains. The large majority of grains are clear 
or pale opaque, some with iron staining. In view of the geochemistry results, these are 
likely to be mainly feldspars and quartz. These grains show a wide gradation of shape and 
texture but can be generally classed as (a) uniform size (<50 gm), rounded to well- 
rounded, with medium sphericity (Powers, 1953) (c. 30%), and, (b) variable size, sub- 
angular to very angular with very low sphericity; grains are equant to platy or blade-like (c. 
70%). Surface textures appear to be predominantly rough and pitted. There is also a small 
population (1%) of large, well-rounded and spherical to highly spherical grains with 
smooth or polished surface textures (Fig. 6.21). Very similar grains appear in the 
Metternich sample, and are discussed there. 
1 This anomaly occurs when plagioclase in involved in fractional crystallisation. 2 Calculated as the geometric mean (Eu/Eu* = EuN 14[(SmN). (GdN)]; Taylor and Mclennan, 1985). 
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6.4.1.2 Mettemich 
In contrast, the prepared Metternich sample, again comprising only the coarse 
fraction, is extremely heterogeneous in grain shape, size, mineralogy and texture. It 
contains abundant lithic fragments and biotite mica flakes, and transparent to translucent 
crystalline particles (Figs. 6.22-6.23). Some of the lithic fragments are very broad (>2 
mm) but thin, due to schistose cleavage. These fragments and irregular crystalline grains 
are probably the result of frost weathering and glacial comminution, acting on 
metamorphic rock. At least some of this has probably been carried down-stream by the 
Moselle from the Variscan metamorphic rocks visible from the site. The 
transparent/translucent grains are variable in size, angular to sub-angular, with rough 
surface textures and very low sphericity (Powers, 1953). There is also a small population 
(<l%) of large transparent grains (presumably quartz), rounded to well-rounded with 
frosted or highly polished surface textures and high sphericity (Figs. 6.24-6.25). 
These large, rounded grains cannot have been produced by glacio-fluvial processes; 
this feature results from prolonged and multi-cyclic episodes of transport and abrasion, 
especially aeolian (Siever, 1988). Desert grains frequently have frosted surfaces (apparent 
in Fig. 6.24), caused by inter-grain collisions and grain surface modification by micro- 
scale dissolution and reprecipitation (Mizutanu and Suwa, 1966). However, this texture is 
removed by silica dissolution during subsequent fluvial transport, producing grains with 
very smooth surfaces (Siever, 1988) (apparent in Figs. 6.24 and 6.25). Since frosted grains 
arrived at Metternich with their surface texture still present, the episode of fluvial transport 
that delivered them to the general Metternich area cannot have had significant effect, in 
which case the polished grain surfaces must also be original features. It is concluded that 
these are relict grains with complex histories, weathered from desert sandstone. One likely 
source is the Lower Triassic Buntsandstein, which is exposed west and south of Metternich 
as continental red beds (Mader, 1982), within the Moselle catchment. It contains abundant 
aeolian sand deposits which include 'very well rounded, very coarse grains with frosted 
surfaces', identified as a desert 'creep population'. It also contains sub-rounded to sub- 
angular grains and fluvial deposits (ibid. ). 
Similar large, smooth and highly polished grains, but composed of magnetite, are 
visible in images of the Metternich magnetic fraction (Figs. 6.60,6.61). These too are 
suspected to be Buntsandstein grains. These large quartz and magnetite grains were 
probably delivered to the Metternich area by Moselle flood events and then transported up- 
slope to the site primarily by creep. However, since this site was affected by surface flow 
(see Section 6.4.5), it is possible that some were also present in river terrace deposits 
higher on the valley side, and were washed down-slope. 
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The similar large, round and smooth quartz grains observed in the Harmignies 
sample may have delivered to the North Sea as Rhine sediment and then transported inland 
by creep and saltation after sea levels fell. 
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6.4.2 Grain size indices - critique 
The sensitivity of grain size indices as wind strength proxies depends on the inter- 
sample variability present within the chosen size classes; indices which compare relatively 
invariant size fractions will fail to reflect accurately the actual wind strength variation. In 
the datasets for the two study sites, the variability of the total set of results in each Malvern 
size category between 1-100 gin has been assessed through associated %RSD values. The 
results are shown graphically in Figs 6.26 and 6.27 (for both sites, these graphs omit the 
Eemian and early Weichselian palaeosols because these are likely to contain non-aeolian 
particles). 
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It is apparent that within this sample sub-set and size range, Harmignies shows 
more grain size variation than Metternich. For both sites, the variability plots are bimodal, 
with the variability concentrated in two main size classes - 5-20 and 20-100 Rm. The 
pattern of variability shown in the two diagrams demonstrates that the grain size 
distribution is composed of at least two components, each with its own set of variability. 
The two obvious components are a medium silt fraction with a mode of approximately 9- 
10 gm and a dominant very coarse silt fraction with a mode of approximately 35-40 gm. 
The shoulder present below 5 gm may suggest that there is also a silt/clay component with 
a mode of approximately 2.5 gm. This would accord with McTainsh el al. (1997), who 
identi fied a mode of about 2.6 Wn for long-term suspension dust and modes of 25-73 gm 
for rapidly-deposited sediment. 
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Correlation between the individual size categories in the grain size datasets was 
used to investigate size relationships (excluding the extreme tails which contain significant 
uncertainties, see Section 5.5.5). As would be expected, adjacent size fractions were very 
closely correlated (c. c. >0.9). Strong correlation (c. c. 0.9) was also observed between the 
fme/very fine silt size categories (2-7.8 pm) and the medium silt size categories (7.8-15.9 
tim). This suggests that there is no significant wind-strength sorting effect within this 
fraction. Weaker correlation (c. c. 0.8-0.7) was present between the 2-7.8 pin size 
categories and coarse silt size fractions up to 20 gin. This accords with Pye (1995): 
particles smaller than 10 tim can easily be maintained in suspension while larger grains 
demand higher transport energies. The 2-20 pm size categories were strongly to very 
strongly inversely correlated (c. c. -0.8 to -0.9) with very coarse silt and very fine sand 
between 50-90 pm. 
This sorting effect was investigated further to determine its limits. As described 
above, the fine silt fraction and medium silt to c. 15 gin appear to undergo no sorting; this 
is shown graphically by the relative invariance of a plot of the '2.5-7.1/7.9-14.2 pm ratio 
vs. depth (Figs. 6.28 and 6.29). The ratios of fine silt (2.5-7.9 [Lm) to successively-coarser 
fractions (15.9-25.2,28.3-35.6,39.9-50.2,56.6-79.6) show mutually-consistent patterns of 
variation but that consistency disappears at >89.9 pm for both sites, suggesting that from 
the middle of the 'very fine sand' fraction, the wind-strength sorting effect no longer 
operates in the same way that it appears to do in the finer fractions. This coarse end of the 
grain size spectrum is, therefore, unsuitable for use in grain size indices. 
It is apparent that the grain size indices examined here are all measuring essentially 
the same ratio - Tme and medium silt' vs. 'coarse and very coarse silt'. These two 
fractions equate, approximately, to the Tsoar and Pye (1987) division of loess into long- 
term and short-term suspension components. 
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6.4.3.1 Harmignies 
The clay/silt/sand content 0f the 
Harmignies profile (as defined by GRADISTAT) 
is shown in Fig. 6.30. The clay content is 
relatively constant throughout, below 10% for all 
samples. The silt and sand profiles exhibit 
significant, and inverse variation. This variation 
is shown graphically in Fig. 6.31 and is described 
below. 
Unit C (Tertiary sand) 
This has a strongly bimodal distribution 
with a tightly defined major mode c. 130 pm 
(fine sand) and a poorly-defined minor mode at 
5.5 [im (fine silt). Sand composes 67% of the 
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total sample, with most of the remainder being silt. 
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Figure 631. Harmignics: grain size distributions for Unit C (Tertiary sand), D and E (Eernian and Early 
Weichsclian palaeosols), F (transition to loess deposition), part of G (locss) and K (typical primary locss, 
added for comparison). (Y-axis is % volume content in Malvern size categories). 
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Units D, E and F (palaeosol complex) 
The lower samples in this sequence change from bimodal to unimodal distributions. 
The lowest samples in Unit D are bimodal with major modes c. 25 and 140 [Im, and 
samples at the top of Unit D/base of Unit E are unimodal c 120-140 [Im, with a strong 
shoulder c. 30 gm. They contain up to 45% sand, 2.5% of which is medium sand. This is 
likely to be reworked Unit C sand (major mode c. 130 pm). By mid-Unit E the sand 
component has diminished to 22%, of which 1.8% is medium sand, silt has increased and 
the distribution is unimodal with a mode c. 50-40 tim. 
Upper Unit E, Unit F (transition zone) 
This progressive flining continues through the upper parts of Unit E and the lower 
samples in Unit F and by the top of Unit F the mode has reduced to c. 34 pm; silt 
comprises almost 80% of the sample and sand has diminished to less than 14%, of which 
only 0.9% is medium. 
Unit G upwards (primary loess) 
By depth 8.90m (the start of Unit Fb) the sand content has reduced to only 7% and 
silt comprises 86%. The grain size spectrum extends only marginally beyond 
approximately 100 Itin and the mode is c. 36 gm. This typifies the remainder of the vertical 
profile (Figs. 6.45 and 6.46). Most samples above this contain between 80-85% silt and 5- 
10% sand (mainly fine and very fine: medium sand contributes less than 0.5%), the size 
distributions are all unimodal with modal values distributed tightly around a mean 39.9 [Lm, 
(Standard Deviation 3.9 tLm ) and the distributions are fine-skewed. This sequence from 
Unit G upwards is assessed to be aeolian in origin (Frechen et aL 2001). 
One explanation for this process of change between sand and silt in Units B and F 
may be that a progressive increase in aeolian silt delivery blanketed and eventually sealed 
off the coarse-grain source (at least in part, probably the Unit C sand and associated 
reworked sediments). Van Vliet (1975) (reprised in Frechen et aL, 2001) argues that the 
upper layers of Unit E were formed only from reworked sediments and that aeolian 
deposition, reworked from local sources, began only in Unit F. The progressive upwards 
fining shown by these grain size distributions suggests that the upper layers of Unit E are 
not simply reworked sediments but that they also contain increasing proportions of silt 
grains which can only have arrived on the Cuesta D'Harmignies by wind action. 
The mean grain size distribution for Harmignies loess (in Units G-K) (Fig. 6.32) 
differs from typical loess from the Chinese Loess Plateau (Sun et aL, 2002). Harmignies 
loess contains less fine and very fine silt (the 'long-term suspension' component) and more 
medium and coarse silt (the 'short-term suspension' component): it more closely resembles 
the size distribution for 'locally-derived loess' deposited close to the Yellow River (ibid. ). 
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6.4.3.2 Metternich 
The grain size range is less variable than 
Harmignies. Like Harmignies, the clay content is 
relatively constant throughout, below 10% for all 
samples, most of the variance is present in the silt 
and sand fractions (Fig. 6.34). Silt is predominant, 
varying between c. 77-84%, with sand inversely 
varying between c. 8-16%. Metternich contains a 
slightly wider range of grain sizes, with more silt 
<10 Rm and more sand >100 Rm. The Standard 
Deviation values for the Metternich grain size 
dataset are more limited than Harmignies (Figs. 
6.26,6.27), demonstrating that Metternich has, 
overall, less grain size variability than Harmignies 
(Fig. 6.36). The sorting, skewness and kurtosis 
values provided by GRADISTAT are similar for 
both sites. 
The average size distribution for Units 3,4 
and 5 (predominantly loess and reworked loess) is 
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close to that of the primary loess units at Harmignies (Fig. 6.35) and it shares those 
differences from typical Chinese loess (Sun et al., 2002). The increased proportion of 
medium and coarse silt (the 'short-term suspension' 
component) is probably attributable to the 
proximity of the site to its probable source areas. 
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All the samples are unimodal with a profile mean mode of 35 ýtm (range 28-41 Vm) 
(Fig. 6.36). 
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Figure 6.36. Mcnernich: grain size distributions for Unit I (prc-MIS 5a loess), Unit 2 (early 
Weichsclian palacosols), Units 3-5 (reworked sediment and locss) and Unit 6 (base of post-glacial soil) 
(Y-axis is % volume content in Malvern size categories). 
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Unit I (pre-MIS 5a loess), Unit 2 (early Weichselian palaeosol complex) and Units 
3,4 and 5 (Welchselian loess) have mean modes of 35,34 and 35 Rin respectively. The 
largest inter-sample variation here is not between loess and palaeosol units but between 
different loess samples, and is mainly caused by the changing proportions of sill <10 gm 
and sand >I 00 [tm. This predominant homogeneity in grain size distributions suggests that 
the Unit 2 early Weichselian palaeosols were developed entirely from the Unit I pre-MIS- 
5a loess and that pedogenesis has not significantly altered that original grain-size 
distribution. The upper Unit 3 loess, together with Units 4 and 5 has grain size 
distributions resembling Unit 1. 
The indicated wind strengths at Metternich, shown by grain size indices (see 
Section 6.4.2) (Fig. 6.37), suggest either that variation in the average wind strength was 
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less pronounced than at Harmignies, or that wind strength variation had less effect. The 
aeolian record begins in the Unit I pre-MIS-5a loess with indications of moderate winds 
(relative to the rest of the profile). Values in Unit 2 appear to show high wind strengths at 
some time prior to pedogenesis but this part of the record is unreliable due to that 
pedogenic episode. The start of Weichselian aeolian deposition occurs with the 'loess 
marker horizon' at the base of Unit 3, which is followed by an indicated reduction in wind 
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strength and then an increase to a broad peak in mid-Unit 3, followed by a period of 
apparently-decreasing wind strength to mid-Unit 4, at 14 m. At this point indicated wind 
strengths start a slow, fluctuating rise with maxima in mid- and upper Unit 5 at c. 7.7,6.3, 
4.0 and 1.5m depth. In Unit 6 wind strengths appear to decrease rapidly, at the base of the 
post-glacial soil. 
6.4.3.3 Metternich: indications of non-aeolian content 
The grain size data show up to 5.2% of fine, medium and coarse sand intermixed 
with the loessic silt. This coarse population is also apparent in the optical microscopy 
images (Figs. 6.22-6.25). The loess units at Harmignies, in contrast, contain very little 
material coarser than very fine sand. The ratio of this coarse Metternich sand fraction to 
the very fine silt fraction is shown at Fig. 6.38. 
The concordance of some of these peaks with those higher-wind-strength peaks 
present in Fig. 6.37, notably the peaks at I and 4 rn depth) suggests that some of this 
coarse fraction may have been delivered by vigorous wind action, presumably by creep and 
saltation from flood deposits of the Moselle (200 m down-slope) or the Rhine valley (the 
probable major source area). However, other peaks do not match (e. g. the major peak at 12 
m) and it is possible that part of this coarse grain population may have been washed down- 
slope from upper terrace deposits (evidence for surface flow, plus gravel layers and lenses 
were observed during fieldwork, see Section 4.2.2). If so, then the proliferation of coarse 
grains and the lack of any visible stratification in their positioning suggests that they were 
washed down by relatively frequent, minor flows, in comparison to the gravels which must 
have been emplaced by more powerful but less frequent events. This implies that the 
Mettemich site may have been significantly modified by contemporaneous erosive events 
on minor and major scales. 
6.5 Carbonate content 
As described in Sections 5.5 and 5.6, the carbonate content was detennined by both 
gasometric and sequential loss-on-ignition methods. This section presents the results of 
both methods. 
6.5.1 Evidence for the presence of a mix of carbonates 
In the gasometric tests, the acid-alkali reaction proceeded rapidly and concluded 
quickly with calcium carbonate powder and bedrock chalk samples. However, with loess 
samples from both sites, the rapid initial reaction decreased to a very slow conclusion, with 
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strings of fine bubbles originating at a few, scattered points in the flask. This was 
especially obvious with samples from Metternich and is attributed to the presence of 
dolomite, in which the magnesium component reacts more slowly than the calcium 
component (Busenberg and Plummer, 1989). This is consistent with the geochemical 
results discussed in Section 6.1.3 and with: 
(a) Juvign& and Moors (1995): Belgian loess contained predominantly calcium 
carbonate, with a small proportion of dolomite (values unknown), 
(b) Pye (1983): silt-sized detrital calcite and dolomite grains were present at 3: 1 ratio 
in loess in the upper Rhine valley in Germany, and, 
(C) Hahn (1969): calcite and dolomite were present in 2: 1 ratio in Swiss Rhine 
sediments. 
This dual-rate reaction is, therefore, a reflection of that mixed carbonate composition. 
6.5.2 Harmignies: carbonate content analysis 
The Harmignies gasometric and LOI carbonate correlate strongly (c. c. 0.96). The 
pattern of variation in the carbonate content correlates strongly (c. c. 0.99) with variation in 
the CaO content (see Section 6.1.1), demonstrating that carbonates are the primary carrier 
of Ca. 
, In the Eemian and early Weichselian palaeosols of Units D, E and lower F, the 
carbonate content is extremely low (Fig. 39). In mid-Unit F (coincident with the start of 
primary loess deposition), it commences a rapid rise and by lower Unit G, at 8.52 m, it 
reaches a brief peak of approximately 25%. The profile then shows two steep reductions, 
the first between approximately 8-7 in which extends through the upper part of Unit G into 
H. A second reduction occurs in Unit H between 6.5-5.5 in. A transient peak occurs at 
4.95 in, immediately below the well-defined tundra gley at the top of Unit H. Carbonate 
values then fall in Units 1, J and lower K, with another brief peak at c. 3 m. Values then 
fall again to 1.5 ni (upper Unit K) with an average carbonate content of approximately 15% 
until depth 1.25m, when there is a further brief peak followed by a rapid reduction to 
extremely low levels in the overlying Holocene soil. 
The Unit G-Unit K loess appears to show a slow drop in carbonate content from c. 
20% to 15%, though this is difficult to interpret in such a variable carbonate profile. 
Chalk granules are present between Unit F and upper Unit K, blown onto the ridge 
from its exposed face (van Vliet, 1975). Analysis of sieved sub-samples shows that 
granules >0.5 imn constitute up to 15% of the total carbonate content for each sample, 
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contributing between I and 1.5 % to the total value. There is no correlation between the 
'granule carbonate content' and grain size variation (using the Vandenberghe U-ratio) and 
so variation in the amount of granular chalk is not a wind-strength proxy. 
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6.5.3 Metternich: carbonate content analysis 
Like Harmignies, the Metternich gasometric and LOI results show the same profile 
(Fig. 6.40). The average carbonate content at Metternich is lower, mainly between 10- 
20%, but it increases slowly up-profile to reach the highest values at the top of the 
sequence, due to the increase in the amounts of calcite and dolomite (see Section 6.1.3). 
At 21-20 in depth, in Unit 1, carbonate values are very high but field examination revealed 
the presence of pedogenic carbonate nodules at the top of the unit, so at least part of these 
high values is caused by reprecipitated carbonate, weathered from the low-carbonate Unit 
2 palaeosol. The loess marker horizon at the base of Unit 3 shows no increased carbonate 
content but values begin to rise immediately above that horizon, as reworked sediments 
become progressively more loessic. Carbonate values reach a peak in Unit 3 c. 17-16 m, in 
primary loess, and then describe three sharp oscillations, with troughs between c. 16-15 m, 
14-13 m and 12-11.5 m. Thereafter the carbonate content becomes much less variable and 
rises slowly to a maximum of approximately 21% at depths of 3-1.5 m. These high values 
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are likely to include carbonate enhancement from the decalcified Unit 6 post-glacial soil 
but this feature is not as well-defined as it is at Harmignies. 
6.6 Analysis of organic content 
There is a possibility that in samples that contain dolomite, the weight loss 
measurements obtained by LOI and used to calculate organic carbon content values may be 
slightly high, due to the partial reduction of dolomite at relatively low temperatures and 
consequent lossOf C02to atmosphere (see Section 5.6). 
The organic carbon content at both sites is low, between 0.2 and 1%. These values 
are typical of European loess-palaeosol units (e. g. van Vliet, 1975). There is abundant 
evidence that vegetation was severely limited during stadials, with western Europe being 
treeless, sparsely vegetated and and (e. g. West, 1978; Weniger, 1990). Palynological 
studies of loess in Belgium (Bastin, 1969) identified a dominance by grasses (Poacea) 
(formerly Graminaceae: Bennett et aL, 1994). During strong interstadials, this 
characteristic western European grass population was supplemented by a steppe-tundra 
vegetation which included Artemisia (Bastin, 1969). Tree populations also recovered, with 
Pinus, Salix and Betula present, probably in sheltered areas (van Andel and Tzedakis, 
1996). Steppe-tundra vegetation was also present during briefer interstadials, though trees 
were not (ibid. ). 
6.6.1 Harmignies 
The lowermost part of this profile (Fig. 6.41) shows a strong peak associated with 
the Unit D 'terra fusca' soil but the overlying complex of early Weichselian soils in Unit E 
do not appear as significant organic carbon peaks, though values as a whole are higher than 
the primary loess in Units I, J and K. The peak at 8.14 in equates to a tundra gley, 7.11 in 
to a'humic horizon' and the pronounced peak at 5.75 in to the 'Les Vaux' soil. Thereafter, 
organic carbon values drop to very low levels through Units 1, J and K, climbing again at 
the top of the profile in a tundra gley soil at the top of Unit K and in Unit L (post-glacial 
soil). 
6.6.2 Metternich 
The organic carbon content at this site (Fig. 6.42) can be divided into three 
sequences. Unit 1 (pre-MIS 5a loess) has low organic carbon content but Unit 2 (early 
Weichselian palaeosols) contains up to 1%, close to values in the Unit 6 post-glacial soil. 
The 'marker loess horizon' at the base of Unit 3 shows a brief reduction and the recycled 
sediment in the lower part of Unit 3 contains substantial, but diminishing organic content, 
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as the sediment becomes increasingly loessic. Upper Unit 3, plus Units 4 and 5 
(Weichselian loess) present a series of diminishing saw-tooth oscillations, marking a slow 
reduction in organic content. Significant minima occur c. 17.6,16.65,14.75 and 13.75 in, 
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with maxima c. 17.2,15.3 and 11.9-11.3 m depth. This sequence finishes with an absolute 
minimum occurring c. 2m depth. Values rise slightly at the top of Unit 5 and rapidly in 
Unit 6 (post-glacial soil). 
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6.7 Analysis of enviromagnetic characteristics 
As described in Section 5.8.2, mass-specific results have been corrected to 
carbonate-fte values. The results of the magnetic tests (see Section 5.7) can be interpreted 
to provide information of the magnetic concentration, grain size and mineralogy. This can, 
in turn, show how the enviromagnetic characteristics have responded to climate change. 
6.7.1 Harmignies 
6.7.1.1 Magnetic susceptibility 
The field and laboratory MS measurements, made 
with different sensors at different frequencies (see Table 
5.11) correlate strongly (c. c. 0.9) despite the low MS 
intensities measured (Fig. 6.43). Such low MS values 
indicate that Hannignies loess and palacosols contain only 
small concentrations of magnetic minerals. The patterns of 
field and laboratory MS variation in the vertical profile are 
near-identical (Fig. 6.43); both show only minor change 
with peaks only at the top of Unit K and Unit L (post- 
glacial soil). MS minima occur at the top of Unit D/lower 
E, upper Unit F, and in upper Unit H, coincident with the 
heavily-gleyed horizon at that boundary. 
This lack of variation indicates that the total 
magnetic mineral concentration is approximately constant 
throughout most of the profile; the only major change is 
the evidence for magnetic enhancement (relative to the 
parent loess) in the overlying Holocene soil. 
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6.7.1.2 S-ratio and %IRM acquisition 
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Fig 6.44. Harmignies: S-ratio values close to I and IRM acquisition values 
close to 100% indicate dominance by magnetite, lower values indicate an 
increasing contribution by hacmatitc. 
These parameters are indicators of the magnetic mineralogy (see Section 5.7.1). 
The profile plots of the S-ratio and % IRM acquisition (Fig. 6.44) suggest that the primary 
magnetic mineral is magnetite/maghemite, though haematite is also present, especially in 
Unit F and upper Unit H. This mixed mineralogy is also apparent in the total IRM 
acquisition plots. Fig. 6.45 shows the upper and lower boundaries of these curves for the 
total Harmignies dataset (the intervening curves 
have been omitted for clarity). The upper curve 
is from Unit D and shows the typical low- 
coercivity (magnetite) response to increasing 
field strength (c. f Fig. 3.3). The fact that it 
does not reach saturation by approximately 300 
mT is attributable to a small high-coercivity 
(haematite) content, contributing approximately 
9% to IRM acquisition. The lower curve is 
from Unit F and shows that this sample must 
contain a larger high-coercivity component 
which does not approach saturation even at 880 mT. It contnbutes approximately 15% to 
IRM acquisition. 
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Figure 6.45. Hannignies: upper and lower 
boundaries of the total I RM acquisition 
envelope. 
6.7.1.3 XARm/X&, XARm/SIRM and IRM loss 
These parameters are primarily indicators of the magnetic grain size, but the ratio XARNVX]f- 
also reflects variation in concentration (King et al., 1982). Most samples are closely 
ciusterea, (lemonstrating mat tnrougn most ot tne 
profile magnetic grain size does not vary 
significantly but concentration does (Fig. 6.46). 
The samples that plot above the trendline, and 
thus have finer magnetic grain sizes, are at depths 
that generally correlate with soil horizons (blue 
triangle symbol: Unit D samples white triangle: 
upper Unit F sample; white diamond, upper Unit 
K and Unit L (post-glacial soil). The latter three 
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Figure 6.46. Harmignies: XARm vs, Xjf, 
showing changes in concentration (along 
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from trendlinc). 
also have higher magnetic mineral contents than 
the remainder. The sample that plots well below the line (white square), and thus has 
coarser grain size is in Unit G loess. 
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Figure 6.47. Hannignics: XARm/ XIf and XAm/SIRM ratios, and % IRM loss indicate 
relative abundance of ultra-fine magnetite grains. 
Plots of XARNvX, - andXARM/SIRM vs. depth (Fig. 6.47) show the relative abundance 
of ultra-fine magnetite grains (Sugiura, 1979; Zhou et al., 1990), and the pattern of IRM 
viscous loss identifies populations of metastable grains close to the SP/SD boundary. All 
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three graphs show broadly the same set of features: Unit D (Eemian palaeosol) shows 
strong enhancement at 12 rn depth; values in Unit E (early Weichselian palaeosols) are 
lower and stable but possible minor enhancement occurs in mid-Unit F. Values then drop 
again and are flat throughout Units H, 1, J and mid-K (Weichselian loess). They rise 
slightly in upper Unit K and rise again in Unit L (post-glacial soil). 
This evidence suggests that at Harmignies, only Unit D and, to lesser degrees, Unit 
E and Unit L contain increased amounts of ultra-fine magnetite. No enhancement is 
apparent in the loess of Units G-K 
6.7.1.4 Optical examination of the Harmignies magnetic fraction 
Microscopic examination of the Harmignies separated magnetic fraction (see 
Section 5.5.1) shows that it is composed of strongly-magnetic, irregular, black crystals 
with well-defined crystal faces and a pronounced metallic lustre; this is probably magnetite 
(Figs. 6.48-6.51). Most of these particles are silt-sized or smaller (<50 gm. ) and variable in 
shape: most are angular to sub-angular, a small proportion are rounded. Within the 
limitations described in Section 5.7.5, the apparent predominance of coarse magnetite 
particles in this sample reinforces the general assessment that the aeolian section of the 
profile is governed by MD ferrimagnetic behaviour as described above. 
132 
133 
134 
6.7.3 Metternich 
6.7.2.1 Magnetic susceptibility. 
As with the Harmignies results, field and 
laboratory MS measurements correlate strongly (c. c. 
0.96) (Fig. 6.52). Average MS values are higher than 
Harmignies, showing that Mettemich loess contains 
more magnetic mineral particles than Harmignies and 
the range is greater. The profile shows a progressive 
reduction in the concentration of magnetic mineral 
particles between Unit 3 and upper Unit 5, probably 
due to the increasing influx of calcite and dolomite 
particles. A major peak is apparent in the Unit 2 
early Weichselian palaeosol, representing high levels 
of magnetic enhancement. The loess marker horizon 
at the base of Unit 3 shows a major reduction in MS 
values, which demonstrates that it contains relatively 
few magnetic mineral particles. The reworked 
sediment above the marker horizon in the lower part 
of Unit 3 has high but diminishing MS values as the 
sediment becomes increasingly loessic. This pattern 
r-Inci-hu ri-ci-rnhli-v t1int hu Rniicei-nii ot n1 
(1998) at Achenheim in eastern France (approximately I 10 km south of Mettemich), 
NIS values rise in Unit 3 at 17 m and in Unit 5 at 5m depth but are otherwise very 
flat until Unit 6. These two peaks do not correlate with variation in indicated wind 
strengths, grain size or geochemistry. Field NIS measurements at the base of the Unit 6 
soil show a rapid rise to values similar to those of the Unit 2 palaeosols, a pattern 
replicated in the laboratory measurements. 
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6.7.2.2 S-ratio and % IRM acquisition. 
The S-ratio and % IRM acquisition values (Fig. 6.53) are similar to Harmignies, 
and suggest that the magnetic mineralogy is similar, with dominant magnetite (and/or 
maghemite), plus a haernatite component, especially in the primary loess units (Fig. 6.53). 
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Figure 6.53. Metternich: S-ratio values close to I and IRM acquisition values 
close to 100% indicate dominance by magnetite, lower values 
indicate an 
increasing contribution by hacmatitc. 
Unit I (pre-MIS 5a loess) has relatively low values, close to those of the 
Weichselian loess but Unit 2 has very high values, indicating strong enhancement during 
the early Weichselian. The loess marker horizon at the base of Unit 3 has values similar to 
those of the adjacent sample levels, showing that its magnetic content is mainly magnetite. 
The diminishing values above that horizon are probably attributable to the dilution of 
recycled sediment as loess deposition increases. The indicated magnetite content 
diminishes slowly in Units 4 and 5 but increases strongly in Unit 5 at c. 5m depth (cf MS 
values). Magnetite then continues to diminish until Unit 6, when there is a minor increase 
at the base of the post-glacial soil. 
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haematite content is also apparent in the 
total IRM acquisition plots. Fig. 6.54 
shows the upper and lower boundaries of 
the total IRM envelope for the Metternich 
data set (the intervening curves have been 
omitted for clarity). The upper curve (at 
18-95 m depth) shows the typical low- 
coercivity (magnetite) response to 
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Figure 6.54. Metternich: upper and lower 
boundaries of the total IRM acquisition envelope. 
increasing tield strength and is only 2. /'/'o 
from saturation at 300 mT, closely resembling the pure magnetite curve (Fig. 3.3). The 
lower curve (at 1.0 in depth) shows that this sample must contain a high-coercivity 
(haematite) component which contributes approximately 13.5% to IRM acquisition at 300 
mT and it is unsaturated at 880 mT. 
6.7.2.3 XARm/Xif, XARm/SIRM and IRM loss. 
The ratio XARm vs. XIrreflects variation 
in both magnetic grain size and in 
concentration (King et al, 1982). As with 
Harmignies, most samples plot close to the 
trend line (Fig. 6.55), again demonstrating 
that through most of the profile magnetic 
grain size does not vary significantly but 
concentration does. The samples that are 
marked with crosses plot above the line and 
thus have finer magnetic grain sizes, and are 
present at relativelv hijeh concentrations. 
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Figure 6.55. Mctlemich: ZARM VS. YIf, 
showing changes in concentration (along trend 
line) and magnetic grain size (away from trend 
line). 
These are in the early Weichselian palaeosols. 
Plots of XARm/Xjj-, XARm/SIRM and 24-hour IRM loss vs. depth (Fig. 6.56) show the 
changing relative abundance of ultra-fine magnetite grains, compared to coarser grains 
through the profile. All three graphs show the same general pattern as has been described 
above, of low values in the Unit I loess, higher values in the Unit 2 palaeosols and lower 
Unit 3 sediments, and predominantly low values in Units 4 and 5. These latter two units 
appear to be dominated by MD magnetite. These plots particularly emphasize the lack of 
ultra-fine grains in the loess marker horizon at the base of Unit 3. This suggests that it is 
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not derived from the underlying palaeosol complex, which contains an abundance of these 
grains. 
XARm/Xjr and XARm/SIRM ratios increase briefly at the top of Unit 5 and then rise 
again in the Unit 6 soil, indicating a rise in fine-grain magnetite. IRM loss does not reflect 
the 1.3 m peak but gives a stronger response at the base of the Holocene soil. 
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Figure 6.56. Mettcrnich: )CARm/ Xjf and XApM/SIRM ratios, and % IRM loss indicate relative abundance 
of ultra-finc magnetite grains. 
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6.7.2.4 Optical examination of the Metternich magnetic fraction 
Microscopic examination of the Metternich separated magnetic fraction reveals that 
it contains two components. The first closely resembles the Harmignies magnetic fraction 
and consists of strongly-magnetic, irregular, black crystals with well-defined crystal faces 
and a pronounced metallic lustre. This is probably magnetite. Most of these particles are 
silt-sized or smaller and very variable in shape: most are angular to sub-angular, a small 
proportion are rounded (Fig. 6.57-6.59). 
The second component (<I%) consists of strongly-magnetic large black metallic 
particles, c. 0.2-0.8 mm diameter, also probably magnetite. These particles vary from sub- 
angular to very well rounded and the latter have extremely smooth surfaces with a high 
polish (Figs. 6.60-6.61). These features are not characteristic of glacio-fluvial processes, 
the particles appear to be directly analogous to the large and well-rounded quartz grains 
also present in Metternich loess (see Section 6.4.1, Figs. 6.24,6.25). it is likely that these 
magnetite particles have been eroded from the same sandstone bedrocks and transported 
without further modification. 
The apparent predominance of coarse magnetite particles in this sample reinforces 
the general assessment that the aeolian section of the profile (Units 4 and 5) is governed by 
MD ferrimagnetic behaviour as described above. - 
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6.8 Analysis of luminescence chronology 
The full luminescence dataset, containing Nal y-spectrometry (in situ) and Neutron 
Activation Analysis results, dosimetry, D. (Gy) and age (ka) data for Harmignies and 
Mettemich is shown in Table 6.6. 
In Section 3.4.2, the possibility was raised that anomalous fading by feldspars 
might have produced age under-estimates in previous studies and so this study used a 
methodology that eliminated feldspars (see Section 5.8.2). The new age determinations 
from both sites do not show any systematic divergence from those previous TL and IRSL 
age estimates (Figs. 6.62,6.63). 
6.8.1 Harmignies. 
Ten samples were collected and processed according to the protocols defined in 
Section 5.8.1 and 5.8.2. These covered the profile in approximately Im increments from 
Unit E (in the lower palaeosol complex) to the top of Unit K, just below the base of the 
post-glacial soil. The results are surnmarised in Table 6.1. 
Table 6.1. Sununary of Harmignies luminescence dating results. 
Depth Unit Luminescence 
age (ka) 
1.25 K 22.1-+1.3 
2.28 K 22.2±1.2 
3.18 K 22.0 d: 1.5 
4.08 1 27.4: k 1.7 
4.73 1 26.2 A: 1.9 
5.75 H 44.1±3.9 
6.65 H 65.2 ± 4.0 
7.67 G 65.5: k 4.0 
67.0± 4.3 
8.90 F 68.9: k 5.0 
10.10 E 80.6-± 4.9 
These dates are mutually consistent and (within la error) contain no age reversals. in 
Frechen et al. (2001), Harmignies fine silt (4-11 [trn) polymineral samples were analysed 
using TL and IRSL multiple-aliquot additive and regenerative-dose protocols (see Section 
3.4.2). In that study, sample locations were referenced against an idealised profile, not 
measured depths, and their luminescence age estimates were placed in an 'idealised 
chronological interpretation'; this makes it difficult to correlate this study's results 
accurately with those findings. The 'mean luminescence ages' quoted in Frechen et al. 
(2001) are an average of the 2,3 or 4 results for each sample, regardless of the apparent 
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ý 1. 
anomalies present in some individual results. The results that are assessed to be 
stratigraphically close to this study's sample locations are listed in Table 6.2). The 
methodology used to estimate the quoted errors for the mean ages cannot be deduced from 
the published data; it is not the geometric mean of the errors attached to the individual age 
estimates. 
Table 6.2. Harmignies: TL and IRSL age estimates from Frechen et aL (200 1). 
This 
study 
Unit IRSL 
(regen. ) 
(ka) 
HISL 
(add. ) 
(ka) 
TL 
(regen. ) 
(ka) 
TL 
(add. ) 
(ka) 
Mean age (k) 
1.25 K 22.0-+3.3 26.7: k 2.8 25.5 ± 2.3 (not included, value is 24.7) 
16.9±2.3 19.8±2.0 20.4±1.8 19.0: k 1.5 
2.28 K 21.5-+3.3 - 25.1 :h2.5 26.0±2.1 24.2-+1.9 
3.18 K 19.8± 3.0 24.5 ±2.8 26.6±2.6 26.5. +2.3 24.412.8 
21.8 4- 3.8 - 27.0-+3.3 24.2-+2.2 22.2 ± 2.6 
4.08, 1 20.3 ± 2.6 23.9± 2.3 23.7±2.1 (not included, value is 22.6) 
4.73 21.7-+2.9 - 21.5 ±2.5 21.2±2.2 21.5± 0.5 
5.75 H 53.4± 8.2 57.1± 15.8 55.4-+6.3 53.2 ± 5.2 (not included, value is 54.8) 
6.65 G - 68.4: k 9.9 65.1± 5.7 66.8 ± 1.7 
56.5 7.3 67.7± 7.7 61.2 6.4 59.9± 5.8 61.3 ± 4.7 
8.9 F 96.4± 14.0 61.7± 5.4 79.1 ± 4.1 
10.1 E 71.7± 10.2 85.2 ± 16.8 80.2 8.2 83.9 3: 7.6 89.3 ± 2.5 (sic. coffect, mean 
is 80.3) 
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the Frechen et al. (2001) results quoted in Table 6.2. 
In general, the new results provided by this study correspond with those earlier 
results. The lowermost sample, dated to 80.6 ± 4.9 ka is from the 'Sol de Malplaquet' in 
Unit E. Haesaerts et al. (1999) identify this palaeosol as having been formed during the 'St 
Germain 11 interval', which occurred c. 85-75 ka (ibid. ). 
Mid-Unit F is linked by changing grain size distribution patterns (see Section 6.4.3) 
to the start of primary loess deposition. The luminescence date for this unit indicates that 
this occurred at 68.9 ± 5.0 ka. This corresponds closely to the date of 67.2 ± 3.4 ka 
obtained on the Mettemich 'loess marker horizon', which is assessed to mark the start of 
aeolian deposition there and by implication, elsewhere in central Europe (see Section 
6.8.2). 
There is a significant mismatch between the new results for the lower Unit H 
sample (65.2 ± 4.0 ka) and the mean value of 54.8 ka for the nearest horizon, listed in 
(Frechen et al., 2001) (although that value was not included in the final chronological 
summary). This apparent discrepancy may be attributable to the inaccuracy of the D, 
and/or does rate values. However, given the uncertainty in stratigraphic association 
between the chronological controls, attempts to reconcile differences forced by 
luminescence dating is futile. 
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The mid-Unit H sample at 5.75 m, dated to 44.1 ± 3.9 ka, corresponds to the 'Les 
Vaux' palaeosol horizon. Haesaerts et al. (1999) attribute a date range of 50-34 ka but the 
methodology for this assessment is unknown. 
The two Unit I measurements (27.4 _+ 1.7 and 26.2 ± 1.9 ka) suggest that at this 
time, deposition was occurring too rapidly to be resolved by luminescence methods. The 
Frechen et al. (200 1) data suggest a age of approximately 21-22 ka; Haesaerts et al. (1999) 
attribute a date range of 26-24 ka. 
Unit IC, like Unit 1, appears to have been formed by very rapid deposition. As 
shown above, this study has generated mutually-consistent luminescence ages c. 22 ka. 
The Frechen et al. (2001) data have a wider spread, from 19 to 24 ka. Haesaerts et al. 
(1999) attribute a date range of 24-23 ka. 
These new results may explain why a major stratigraphic marker present in many 
western European loess sequences (e. g. Gullentops, 1954, Van den Haute et al., 1998) is 
not overtly apparent at Harmignies. This marker was formed by an episode of solifluction 
and erosion approximately coincident with the LGM and known variously as the 
Nagelbeek Horizon, the Nagelbeek-Kesselt complex, the 'niveau A langues de Kesselt' 
[trans: the Kesselt tongued horizon] and the Eben Discordance (see Section 6.8.2). Van 
Vliet-Lanod (1992) identified it as a significant and widespread stratigraphic marker and 
suggested an age of 23 ka. Van den Haute et al. (1998) determined a luminescence age of 
21.8 ± 2.6 ka (TL, fine-grain polymineral technique); this corresponds with a radio-carbon 
date of 22.3 ± 0.4 ka on organic debris (Gullentops, 198 1). 
Haesaerts et al. (1999) locates the Nagelbeek Horizon in the cryoturbated horizon 
at the top of Unit K and attributes an age c. 23 ka, but does not qualify or explain this 
conclusion. The Frechen et al. (2001) paper contains internal contradictions about its age 
and stratigraphic position. Van Vliet-Lanod's input to Frechen ct al. (2001) (based on 
Haesaerts et al., 1981; van Vliet-Lanod, 1989,1992) is that it is represented by a warming 
episode in Unit I However, Frechen et al. (2001) also suggested that it is present at the 
top of Unit H and that it occurred c. 26 ka. Either of those stratigraphic positions implies 
that some Harmignies loess was deposited after the peak of the LGM - either Unit K alone, 
or Units 1, J and K together. Part of this problem may be caused by professional 
disagreements, illustrated by Haesaerts' assertion that some of van Vliet-Lanod's research 
has 'far-fetched interpretations' (Haesaerts et al., 1999). The problem of the location of 
the Nagelbeek Horizon at Harmignies also has an enviromagnetic dimension and is 
considered fiirther in Section 7.2.4. 
6.8.2 Mettemich 
Ten samples were collected and processed in parallel with the Harmignies samples 
according to the protocols defined in Section 5.8.1 and 5.8.2. These covered the profile in 
approximately 1.6 m increments from the loess marker horizon at the base of Unit 3 to the 
top of Unit 5, just below the base of the post-glacial soil. The results are broadly 
consistent with the samples' relative stratigraphic positions and are surnmarised in Table 
6.3. 
Table 6.3. Summary of Metternich luminescence dating results. 
Depth Unit Luminescence 
age (ka) 
1.00 5 11.1±1.5 
2.60 5 12.2 4- 0.7 
4.30 5 14.3 :h0.7 
6.00 5 21.9+1.4 
7.70 5 21.1± 1.1 
9.80 5 18.2±1.8 
12.65 4 27.1± 1.4 
15.20 4 41.9± 2.0 
17.85 3 61.1± 5.3 
18.45 3 (Loess Markcr 67.2: h 3.4 
Horizon). 
The Metternich 'marker loess horizon' is dated here to 67.2 ± 3.4 ka. A similar 
marker horizon has been identified at Achenheim (in eastern France, south of Mettemich) 
and in eastern Europe (Rousseau et aL, 1998), and the Metternich marker is considered to 
be its equivalent (Boenigk and Frechen, 2001). TL dating (regenerative-dose and additive- 
dose, fine-grain polymineral) of sediments associated with the Achenheim horizon 
established a minimum age of 64.9 16.9 ka (Rousseau et al., 1998). 
The age of 61.1 ± 5.3 ka for the 17.85 rn horizon was obtained on sediment which 
may have included reworked grains. Since these may have undergone incomplete 
bleaching during reworking; this age may be an overestimate. The age estimate for the 
sample taken at 9.8 m depth is statistically consistent with those for 7.7 and 6.0 m at 2a 
error. 
As with Harmignies, these results can be compared to some of the results quoted in 
Frechen et al. (1995), which used polymineral/TL/IRSL methodologies. Sample locations 
were identified on three overlapping profiles, each of which was measured separately from 
different and poorly-defined start points (ibid. ). This, plus the absence of unambiguous 
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key horizons in the upper half of the Mettemich profile, makes it difficult to correlate these 
new findings accurately with that earlier information. The results that most closely equate 
to the sample levels used in this study are shown in Table 6.4. Unlike Frechen et al. 
(200 1), Frechen et al. (1995) presented the four sets of results without averaging them 
Table 6.4. Metternich: luminescence dating results (from Frechen et al., 1995), using 
multiple-aliquot additive-dose and regenerative-dose protocols. 
This Nearest TL TL IRSL IRSL 
study equivalent (regen) (add) (regen) (add) 
(ka) (ka) (ka) (ka) 
1.00 Md35 16.7± 3.4 12.8±4.5 14.5±2.5 14.1±2.5 
2.60 Met33 13.5±3.4 14.3-+4.4 16.3 ±2.1 17.0±3.1 
4.30 Met30 25.5±6.8 22.4±5.4 17.7-+3.0 19.4±3.5 
6.00 Met25 26.8±4.6 23.5 ±4.1 18.0-+2.0 17.5±2.2 
99 Md24 28.5±5.1 30.2 ±6.0 17.2±2.8 20.0±4.8 
7.70 Mct 23 21.3±2.9 18.3 ±2.7 16.1+1.9 16.8-+3.3 
9f Mct22 22.9±4.2 20.1+3.6 19.1±3.1 19.1+3.9 
9.80 Met2l 26.3-14.1 23.0±2.8 - 17.2±1.8 
12.65 Met19 29.4±4.2 27.9+-3.0 23.1 ±2.5 23.3-+5.1 
P9 Mctl8 35.314.5 31.7±3.1 29.7±3.1 30.4±3.5 
15.20 Mctl6 33.0-+4.1 26.0±2.6 27.6 ±3.5 23.6+3.6 
9p Mct 17 31.5±4.9 33.6±5.1 31.5 ±4.9 33.5+-5.6 
1 7.85 Mct 13 56.5+6.9 66.6±7.2 75.3 ±8.4 55.0±12.4 
Pt Mctl2 55.4±4.7 59.4±4.9 44.6±4.2 44.2±7.9 
18.45 metil 95.5 ±11.0 85.2-+7.3 62.6±22.8 107.1±14.6 
metio 40.2+3.5 51.9±4.3 39.5+3.4 46.8 ±13.5 
mct9 63.2±9.0 77.8±6.7 61.0±26.5 
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sediments is close to those of the underlying soils but levels fall rapidly. A minor organic 
carbon peak at 17 in correlates with reduced carbonate content, as does the Unit 4 peak c. 
15.6-15.1 in but the minor peaks that occur above that level are not matched by episodes of' 
carbonate depletion. Thereafter organic carbon values diminish steadily to a minimum 
near the top of Unit 5, c. 12-11 ka. A rapid rise occurs at the base of Unit 6, correlating 
with indicated wind strength reduction and strong carbonate depletion. 
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only by surface flow, eroding pre-existing loess and depositing gravels. This has 
significant implications for other periods of climatic amelioration that may also have 
resulted in erosion rather than pedogenesis, especially as loess built up to greater 
thicknesses, increasing the steepness of the slope down to the Moselle. 
6.8.3 Precision of luminescence chronology 
The luminescence age determinations produced in this study have levels of 
precision higher than those achieved in previous studies (Table 6.5). The luminescence 
ages determined for the start of aeolian deposition at both sites are statistically concordant 
at la levels, and are concordant with the age determined by Rousseau Ct al. (1998) for this 
same event at Achenheim. The age determinations for the silicate depletion event c. 44 ka. 
are also concordant, as are five of the six ages c. 22 ka (all six are concordant at 2a levels). 
This luminescence chronology appears to be precise and stratigraphically consistent. 
Table 6.5 Comparison of precision of luminescence age determinations as % la error. 
Harmignies comparison data from Frechen et al., 2001; Mettemich comparison data from 
Frechen et al., 1995. 
This ML IRSL TL TL 
study regenerative- additive- regenerative- additive- 
dose dose dose dose 
Harmignies 6.2% 4.5% 16.5% 10.6 9.1% 
Mettcmich 
d 
6.5% 13.4% 19.6% 15.6% 15.4% 
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Chapter 7. Interpretation and synthesis of results 
This chapter examines the hypotheses set out in Section 1A 
a) that heterogeneity in geochemical, sedftnentological and enviromagnetic 
parameters in the vertical profile at both sites has been imposed on originally- 
homogeneous compositions, 
b) that patterns of heterogeneity correlate, and, 
C) that these correlated patterns represent the sites' response to climate change. 
7.1 Evidence for homogeneity 
The extent to which loess-palaeosol sequences are homo- or heterogeneous is 
controlled by the many different processes that have operated on those sequences. Some 
of these processes were operative before the depositional event, such as the formation (or 
exposure) of the source sediment at one or more locations and its delivery to the site by 
one or more transport mechanisms. Some operated during deposition, such as enrichment 
with locally-derived lithic fi-agments and surface reworking. Other processes came into 
operation after the particles had been deposited, including the conversion of the dust 
deposit into loess by, for example, the formation of inter-grain cementation bonds (P6csi, 
1990; Cilek, 2001, see Section 2.1.2), together with episodes of cryoturbation, erosion, 
pedogenesis, geochernical weathering and carbonate reprecipitation. In consequence, not 
even 'primary loess' has the same composition, texture or structure that it had when first 
deposited. This chapter seeks to understand how those different processes have interacted 
to create the loess-palaeosol sequences now apparent at the study sites by comparing 
aspects that resist change with those that respond to change. 
Among the major rock-forming elements, Al, Ti and Si are relatively immobile 
under moderate weathering conditions, as are the REE, and so can reflect the homogeneity 
or heterogeneity of the original sediment independent of subsequent weathering-induced 
change. Aspects of the site's sedimentology and mineralogy, including grain size 
distributions, enviromagnetic characteristics, organic carbon content and carbonate 
content, can also help to illuminate the degree of original homogeneity. 
Heterogeneity can be examined once the degree of original homogeneity has been 
detennimed. Stratigraphic variation in concentrations of the mobile elements - the alkali 
metals and alkaline earth metals - may be caused by changes in provenance or by in-situ 
weathering processes. If the relatively immobile elements (A], TL Si and the REE) 
indicate that the sediment is generally homogeneous, then stratigraphic variation in the 
mobile elements can be considered to be a significant indicator of post-depositional, 
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weathering-induced change. Investigation of geocbernical heterogeneity can again be 
supported by sedimentological and mineralogical characteristics. 
7.2 Harmignies and heterogeneity/homogeneity 
7.2.1 Geochemistry 
The major, minor and REE geochemistry data for Harmignies identify two 
conflicting trends. The first reflects the geochemical homogeneity of the sediments 
delivered to the site and is demonstrated by the consistent concentrations of the relatively 
immobile elements Si, Ti, Al and the REE. 
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Figure 7.1. Harmignics: concentration values for major oxides Si02, Ti02, AI-203, LREE La and 
HREE Trn (chond6te-normaliscd). 
The three main stratigraphic divisions at Harmignies (Unit C- Tertiary sand, Units 
D, E and lower Unit F- palaeosols and transition zone, and upper Unit F to Unit K- loess) 
are not reflected by the data on immobile elements (Fig. 7.1). These show that only Unit D 
and lower Unit E have geochernical compositions that differ markedly from the remainder 
of the profile, with more silica and smaller amounts of the other rock-forming elements. 
From mid-Unit E to upper Unit K, Si02, Ti02 and A1203 concentrations are relatively 
unchanging, except c. 6-5 m depth, where A1203 and La increase and Si02 decreases. Grain 
size indices show that indicated wind strengths were low at this level (Fig. 6.33), possibly 
reducing the influx of coarse particles. Since many of these are likely to be sand grains, 
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this would reduce the quartz dilution effect. The REE are present at reduced levels in the 
Unit E palaeosol and the LREE are slightly enriched in Unit H but are otherwise relatively 
invariant. 
The strong consistency present from mid-Unit F upwards suggests that deflation 
from the source area (the exposed North Sea bed) did not systematically sample 
sedimentary units with significantly-different compositions; the denation area must be 
formed fi7om well-mixed sediments which, from the REE evidence, are representative of 
the average upper crust. 
The second trend reflects the heterogeneity imposed by pedogenesis and other 
episodes of post-depositional weathering, now represented by extensive variation in the 
concentrations of the mobile elements Ca, Sr, Mg, K and Na (Fig. 7.2). 
0- 
1 UnitL 
Unit K 
3 
4 
Unit 1 
tJNtH 
8 Unit G 
9 LWt F 
10 
Unit E 
11 
12 UrJtD -------- 
UnIc 
13 
Un it 0.0 20.00.0 500.00.0 2.00.0 coo Sr (PP-) M90 (om Ko 
5.00.0 2.0 
N82 0N 
Figure 7.2 Harmignics: weathering-induced variation in the concentrations of Sr, CaO, MgO, K, O and 
Na20, with stratigraphic interpretation and a simplified luminescence chronology. 
These show varying degrees of weathering response, depending on the minerals 
they are carried in. CaO is presented here as a proxy for the carbonate content, which is 
dominated by calcite and calcitic limestone. These are easily weathered, especially when 
converted to silt-sized particles, and Sr follows Ca (c. c. 1.0) as substitute atoms. The 
remaining carbonate mineral, dolomite, is less readily weathered than calcite/calcitic 
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limestone and in horizons marked by carbonate depletion, MgO concentrations diminish 
less than CaO. In horizons marked by carbonate peaks, MgO values rise less than CaO, 
suggesting that the increase is due to the reprecipitation of Mg-poor calcite and not to a 
brief increase in the total proportion of carbonate particles. Not all of the main CaO 
enrichment peaks can convincingly be equated to episodes of depletion from overlying 
layers which may suggest that some evidence for depletion is missing, possibly by the 
erosion of palaeosurface layers during late stages of pedogenesis. 
K20 and Na2O together follow similar trends (c. c. 0.7,0.8 with CaO, c. c. 0.9 with 
each other) but do so at much smaller levels of change, suggesting that the minerals they 
are carried in are more resistant to weathering (probably micas and feldspars, see Section 
3.4.1). Their specific response to weathering is examined in Section 7.4. 
7.2.2 Grain size and deposition rates 
The grain size distribution in the loess units between upper Unit F and the top of 
Unit K is strongly consistent (Fig. 6.30), probably due to constancy in the location of the 
source, the sediment available there and the aeolian mechanisms that delivered it to 
Harmignies. The ridge-plateau location of this site largely precludes anything other than 
aeolian processes for the delivery of sift particles. Although much of this material was 
carried at least 120 km from the North Sea source, it also contains relatively large (0.4 
mm) quartz grains (Fig. 6.27). These are presumed to have come from the same source 
area but are much too large to have been transported in suspension. They probably arrived 
by saltation and long-term creep. 
The delivery of primary loess began after a period of soil accumulation (Units D 
and E), which presumably occurred under relatively mild conditions. Increasing amounts 
of silt are apparent in lower Unit F, probably indicating increasing wind strengths and 
landscape instability and by upper Unit F, at 68.9 ± 5.0 ka (close to the MIS 5/4 boundary), 
primary loess deposition and the delivery of locally-derived chalk granules indicates strong 
average wind conditions. Van Vliet (1975) suggests that this early loess is derived from 
local sediment and that 'long-distance loess' deposition did not begin until Unit 1. 
However, in this study's results, there is no apparent geochemical or granulometric 
difference between loess below and above Unit I. The North Sea source area would have 
been available even at the very start of loess deposition at Harmignies: according to van 
Andel and Tzedakis (1996), sea levels had been falling since 75 ka and by 65 ka were c. 75 
rn lower than present level. 
The luminescence chronology allows this study to examine the relationship 
between indicated wind strengths and calculated deposition rates (Fig. 7.3). The 
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assumption has been made that where loess has been deposited in a period too short to be 
resolved by successive luminescence ages, that period is I ka. Using the Vandenberghe 
ratio, it IS possible to generalise that at Harmignies, low ratio values (below approximately 
1.5) correspond with low or very low deposition rates and that high values (above 3) 
correspond with high deposition rates of 0.5 to >1 m/ka. 
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Figure 7.3 Harmignics: relative wind strength variation (using die Vandenberghe 
grain size index) compared to a simplified luminescence chronology, and locss 
deposition rates (in m/ka), calculated on thicknesses between luminescencc-dated 
horizons, compared to relative wind strength variation. 
Between the start of primary loess deposition c. 69 ka (8.9 in depth) and c. 65 ka, 
loess accumulated at c. 0.4 m/ka under conditions of increasing wind strength. This 
reached a maximum at approximately 65 ka (7.5 in depth), with an accumulation rate of c. 
I m/ka, and then reduced. Between 65 ka and 27 ka, wind strengths were consistently low 
and only small amounts of loess were deposited, c. 0.05 m/ka. Wind strength began to 
increase some time prior to 27 ka and continued to rise in a saw-tooth pattern. By 
approximately 27 ka deposition rates had risen to c. 0.65 m/ka, and continued to rise to a 
maximum of c. 1.9 m/ka around 22 ka, matched by an absolute wind strength maximum at 
2.4 in depth. In upper Unit K, above that peak but still within the 22 ka date range, 
indicated wind strengths drop rapidly but at this point the profile enters the base of Unit L 
(post-glacial soil). 
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This correspondence between the indicated mean wind strength and the rate or 
loess accumulation demonstrates the validity of grain size indices as palaeowind proxies 
and shows that the deposition rate is directly related to the mean wind strength. The 
general conclusion, that loess is deposited most rapidly during periods of high mean wind 
strength, accords with the multitude of grain size analyses which have examined variation 
on the glacial/interglacial scale (e. g. Shackleton et al., 1995, Ding et al., 1996) and on the 
stadial/interstadial scale (e. g. Vandenberghe et al., 1997,1998). 
7.2.3 Organic carbon content 
In Fig. 7.4 the organic carbon content is compared with the carbonate content and 
the indicated wind strength (using the Vandenberghe grain size index) since these proxies 
are considered here to show the largest and most immediate response to the climatic 
conditions that encourage the growth of vegetation (as wind-strength indicators, grain size 
indices are applicable only to aeolian sediments, and not to palaeosols). Correspondence 
among these climatically-sensitive proxies would demonstrate their suitability as climate 
proxies that can be compared with indications of silicate weathering 
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Figure 7.4 Harmignics: comparison of organic carbon content with the Vandcnberghc grain size 
index and the carbonate content (gasomctric), with an interpretation of the main carbonate 
features and a simplified lwninescencc chronology. (Grain size indexes arc only valid in primary 
loess). 
in tne unit jL) ana r, paiaeosois, nign to mo(lerate organic carbon values correlate 
with low carbonate content (i. e. pedogenic depletion). The transition to loess deposition in 
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mid-Unit F is not matched by a reduction in the organic carbon content. The peak in Unit 
G approximately matches an episode of carbonate depletion and low indicated wind 
strengths but values then diminish in upper Unit G, accompanied by evidence for increased 
wind strength and no carbonate depletion. The peaks in lower and mid-Unit H both occur 
in conditions of low indicated wind strengths, the upper peak corresponds with strong 
carbonate depletion and represents the 'Les Vaux soil'. 
In Units I, J and K low organic carbon values correlate with the rapid deposition of 
unweathered loess under strong wind conditions (Fig. 7.3) during the period 27-22 ka. 
Organic carbon values rise at the very top of Unit K and continue to rise in Unit L, 
correlating with a reduction in indicated wind strength and strong carbonate depletion. 
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7.2.4 Enviromagnetic characteristics 
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Figure 7.5. Harmignies: composite magnetic profile, widi profile interpretation at lcfl. MS values reflect 
concentration; % IRM acquisition and S-ratio indicate the magnetic mineralogy (higher values: magnetite, lower: 
haematitc). XARm/SIRM ratio values and 24-hour % IRM loss indicate the relative abundance of ultra-finc grains. 
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A composite magnetic profile is shown in Fig. 7.5. The consistently-low MS 
values at Harmignies (excluding Unit L) show that this site contains a relatively small 
magnetic mineral population with relatively constant concentrations. 
Unit D (the 'Harmignies Soil') is the equivalent of the widely-distributed 'Rocourt 
Soil', which contains abundant tephra particles (Juvign6,1977). At the Rocourt site (100 
kin, east of Harmignies), Hus and Geeraerts (1999) attributed high MS values in the 
Rocourt Soil to that tephra population. While the MS signal is depleted at Harmignies, 
other parameters indicate the presence of an increased ultra- fine-grain magnetite 
population which might be linked to the presence of tephra. Raised concentrations of the 
siderophile elements Fe, Ni Co and Zn, and of the lithophile elements Sc, V and Y in Unit 
D might also be linked. 
From Unit E to upper Unit K the only variation is NIS depletion at horizons that 
correspond to gleyed palaeosols, probably due to soil geochemical processes which 
resulted in the increased haematite content. NIS values start to rise only at the top of Unit 
K at 1.25 m depth, and the two lowermost Unit L samples (at 1.12 and 0.87 in depth) 
return similar MS values. Field MS values increase strongly in Unit L at 0.74 and 0.61 m 
depth, showing that these higher soil levels contain substantially higher magnetic mineral 
concentrations. it is not possible to examine the other enviromagnetic parameters since no 
samples were collected this high in the profile. 
The most obvious conclusion is that pedogenic ultra-fine magnetite has been 
illuvated beyond the base of Unit L into Unit K, but this is not supported by the other 
enviromagnetic parameters. Although mineralogy indicators show an increase in 
magnetite, granulometry indicators give weak or no evidence for a change in grain size. 
An alternative possibility is that this is another tephra horizon, which would be 
contemporary with loess deposition. Although it is not yet known whether any tephra, is 
present at Harmignies, it has previously been identified at Mettemich at a similar 
stratigraphic level (see Section 7.3.4). There, raised MS values and increased magnetite 
content at 5 in depth may be attributable to the Eltville tephra. Elsewhere in the Rhine 
area, this was deposited shortly before the 'Eben Discordance' episode of cryoturbation 
and erosion, which is approximately coeval with the peak of the LGM (1kinger and 
Schirmer, 2002). 
At Harmignies, in a pattern similar to that present in Unit D (which may also 
contain tephra), the siderophile elements Fe, Ni and Co, and the lithophile elements Ti, V, 
Nb, Y and Sc are all present at slightly raised levels at this possible tephra horizon in upper 
Unit K and this is maintained in Unit L. The former group may be present as iron or 
ferromagnesian minerals (Cullers, 1988), the latter as rutile, titanite and other minerals 
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(Zack et aL, 2004). The increased MS values in Unit L mid-soil levels would be 
attributable to post-glacial pedogenesis. 
If the Eltville tephra, is indeed present in upper Unit K, then the top of the loess 
profile is also approximately coeval with the peak of the LGM. This corresponds with the 
luminescence age determined in this study for the top of Unit K (22.1 ± 1.3 ka) and also 
with the apparent absence of the 'Nagelbeek Horizon' anywhere stratigraphically lower in 
the profile (the Nagelbeek Horizon is synonymous with the Eben Discordance). This 
conclusion accords with the statement by Haesaerts et al. (1999) that the Nagelbeek 
Horizon is present at the top of unit K. An alternative is that it lay stratigraphically higher 
and has been eroded or reworked as parent material for the post-glacial soil. And if so, 
then the Harmignies profile, as currently exposed, does not contain post-LGM loess. 
The pedogenic MS enhancement in at least the mid-level parts of the post-glacial 
soil proves that this process can occur in Harmignies loess-derived soils under conditions 
of climatic amelioration. It is unclear why the Unit D palaeosol fails to return relatively 
high MS values when it does contain a higher ultra-fine-grain magnetite population. The 
lack of MS enhancement from Unit D to Unit K may be due to unfavourable conditions 
such as insufficient warming or excessive wetness. 
Taken in its totality, the enviromagnetic evidence suggests that Harmignies is 
dominated by a relatively small population of magnetically coarse-grain ferrimagnetic 
particles, except in the lower palaeosol and upper soil horizons. This accords with the 
microscopy evidence for the presence of silt-sized magnetite particles and with the 
generally-low Fe203(tot) concentration (34%). 
This correlation of variation in environmental magnetic characteristics only to 
major climate change events (i. e. the current and possibly the last interglacial periods), and 
not to interstadials, suggests that for most of the Weichselian, local conditions did not 
support MS enhancement or other changes in magnetic mineralogy or grain size (see 
Section 3.3.5). In consequence, it is not possible to use variation in the Harmignies 
magnetic profile to identify interstadials. 
162 
7.3 Metternich and heterogeneity/homogeneity 
7.3.1 Geochemistry 
The geochemical data for Mettemich identify the same two trends observed at 
Harmignies - homogeneity in the insoluble elements and heterogeneity in the soluble ones. 
The major element composition at Mettemich varies very little throughout the profile, it 
shows no major relative changes that correlate with stratigraphic changes. Across the 
aeolian part of the profile, above 17 in, Si02, Ti02 and A1203 vary only slightly, with 
%RSD values of 1.8,5.1 and 6.8%, similar to those at Harmignies. This lack of variance is 
illustrated in Fig. 7.6. 
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Figure 7.6 Mettcrnich: concentration values for Si02, Ti02, AI, Oj and LREE La and HREE Trn 
(chondrite-nonnalised). 
The minor element population shares this same general trend and most show no 
systematic variation. The REE are less variable than at Harmignies. There is slight 
variation in Units 2 and 3 but in Unit 3 above 17 m, and in Units 4 and 5, values change 
very little (Figs. 7.6,6.13,6.14). 
The only significant trend that can be identified as affecting the homogeneity of the 
aeolian particles delivered to Metternich is a change in the carbonate content (and Sr). 
While the proportions of both CaO and MgO gradually increased, the changing CaO: MgO 
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ratio (Fig. 6.8) suggests that the supply of Ca-carbonates increased faster than Mg- 
carbonates (i. e. dolomite). One explanation may be that under conditions of progressively 
more intense weathering and glacial comminution, calcitic limestone in the Rhine's Alpine 
catchment area was reduced to silt-sized particles more readily than the dolomite also 
present there. 
The second trend has been imposed by pedogenesis and other episodes of post- 
depositional weathering, now shown by variation in the concentrations or the mobile 
elements Ca, Mg, K, Na and Sr (present as Ca substitute atoms) (Fig. 7.7). 
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Figurc 7.7 Mettcmich: weathcring-induced variation in CaO, MgO, K20, Na20 (%) and Sr (ppm), plus 
stratigraphic intcrpretation and a simplified luminescence chronology. 
The rising carbonate content at Mettermch (represented in Fig. 7.7 by CaO and 
MgO) makes it more difficult to interpret trends. The pre-MIS 5a loess of Unit I has a 
carbonate content similar to that of the Weichselian lateglacial loess and is overlain by a 
decalcified palaeosol. CaO values start to rise in Unit 3 and reach a series of peaks at 17.5, 
16.5,14.8 and 12.7 in. Thereafter, the profile values rise steadily until close to the base of 
the post-glacial soil, where concentrations of a] the mobile elements fall. 
The lack of variation in Unit 5 above 11.5 in is surprising since tundra gley soils 
have been identified in this section of the profile (methodology unknown; Boenigk et al. 
1994; Boenigk et al, 1999; Boenigk and Frechen, 2001). It is possible that minor 
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carbonate depletion has been masked by later reprecipitation. Further, some palaeosurface 
layers (and possibly some deeper layers) may have been eroded by surface wash on this 
sloping site, aided by mass wasting and other agents. 
K20 and Na2O correlate (c. c. 0.8) and together follow a similar trend to CaO (c. c. 
0.7) but do so at smaller levels of change, suggesting that the minerals they are carried in 
are more resistant to weathering (probably micas and feldspars, see Section 3.4.1). Their 
specific response to weathering is examined in Section 7.4. 
7.3.2 Grain size 
The lack of variation between Unit I (pre-MIS 5a loess) and Unit 2/Unit 3 (early 
Weichselian palaeosols and reworked sediments) (Fig. 6.34) suggests the palaeosols retain 
much of the grain size distribution of the parent loess; pedogenesis did not generate any 
marked increase in the clay content. The similarity of those units to the Unit 4 and 5 
Weichselian loess argues for commonality of source and depositional processes across 
these two glacial periods. 
The wide range of grain sizes present in the Metternich samples, compared to 
Harmignies, is probably attributable to the immediate proximity of the Moselle river and 
the near proximity of the Rhine valley, allowing grains of all shapes, sizes and densities to 
be delivered by all three aeolian mechanisms - suspension, saltation and creep. In addition, 
an unknown (and unidentifiable) part of the Metternich population is likely to have been 
washed down from Moselle terrace levels located above the site (see Section 6.4.5). 
The luminescence chronology allows this study to examine the relationship 
between estimated deposition rates and indicated wind strengths (Fig. 7.8). In this section, 
luminescence age error factors have been omitted (but are available in Section 6.8) and the 
assumption has been made that where loess deposition rates are rapid and successive 
luminescence ages are statistically indistinguishable, the period covered by those ages is I 
ka. 
The results replicate the Harmignies findings: low and high indicated wind 
strengths correspond with low and high deposition rates respectively. Peak deposition 
rates are higher than Harmignies, probably due to Metternich's proximity to its source 
areas. Between the start of loess deposition at approximately 69 ka (lower Unit 3) and 
approximately 61 ka (mid-Unit 3), loess accumulated at 0.1 m/ka. The wind-strength peak 
apparent at Harmignies (Fig. 7.4) at approximately 65 ka is absent from Metternich. In 
Unit 4 wind strengths and deposition rates remained low. In upper Unit 4 and lower Unit 
5, around 27 ka, indicated wind strengths rose, the loess deposition rate increased to 
approximately 0.5 m/ka and both continued to rise to a maximum deposition rate of 3.8 
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rn/ka c. 21/22 ka in mid-Unit 5. This is coincident with the LGM r. 22-19 ka (Yokoyama 
et al., 2000). Wind strengths then fell in upper Unit 5 until c. 14 ka, accompanied by a 
reduction in the deposition rate. A brief rise occurred at that time, followed by a Call at 
approximately 12 ka and another rise around II ka, with a very high deposition rate of 1.6 
m/ka. Indicated wind strengths then fell again as the profile entered the post-glacial soil 
(Unit 6). 
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7.3.3 Organic carbon content 
For the same reasons that were explained in Section 7.2.3, the organic carbon 
content at Mettemich is compared with the carbonate content and the indicated wind 
strength (Fig. 7.9). This reveals a complex pattern of response to climate change. The 
Unit I loess contains low organic carbon levels, matching those of the Unit 4 and 5 
Weichselian loess. The Unit 2 palaeosols contain much more, up to 1% and correlate with 
low carbonate levels. The loess marker horizon at the base of Unit 3 shows a sharp organic 
carbon reduction, reinforcing enviromagnetic indications that it is not derived locally from 
those palaeosols (see Section 6.7.8). The organic carbon content of the Unit 3 reworked 
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sediments is close to those of the underlying soils but levels fall rapidly. A minor organic 
carbon peak at 17 in correlates with reduced carbonate content, as does the Unit 4 peak c. 
15.6-15.1 in but the minor peaks that occur above that level are not matched by episodes of 
carbonate depletion. Thereafter organic carbon values diminish steadily to a minimum 
near the top of Unit 5, c. 12-11 ka. A rapid rise occurs at the base of Unit 6, correlating 
with indicated wind strength reduction and strong carbonate depletion. 
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The MS profile at Metternich (Fig. 7.10) is more variable than Harmignies and 
reaches very high values in Unit 2. Granulometric and mineralogical enviromagnetic 
measurements indicate that this part of the profile contains elevated levels of ultra-fine 
magnetite. Since this part of the profile does not contain markedly increased Fe203(tt) 
concentrations, this magnetite has probably been formed in-situ by the pedogenic 
conversion of paramagnetic iron-bearing minerals. Similar high MS values are observed 
in Unit 6, without high Fe203(tot) concentrations and again linked with an increased ultra- 
fine magnetite population. 
The loess marker horizon at the base of Unit 3 has a small population of relatively 
coarse magnetic grains (see Section 6.7.8) and shows as an isolated sharp reduction in MS 
values. The higher NIS values in lower Unit 3, above that horizon, occur in a mix of 
reworked sediment and loess and the elevated values may reflect the recycling of pre- 
existing magnetic particles rather than the production or delivery of new grains. 
Thereafter, MS values (and therefore, magnetic mineral concentrations) drop to relatively 
constant values, except for peaks c. 16.9,15.5-14.5,12,10 and 5M depth. 
The Unit 3 NIS peak at 16.9 ni occurred between 61 and 42 ka and is recorded in 
both field and laboratory measurements but cannot be correlated with any sedimentological 
or geochemical parameter. The Unit 4 peak c. 15.5-14.5 ni is dated to c. 42 ka and 
correlates with low indicated wind strengths, strong carbonate depletion and increased 
organic carbon content (Fig. 7.9) and moderate chemical weathering (see Section 7.4); 
there is no increase in Fe203(toty Thus magnetic enhancement occurred during a period of 
interstadial climatic amelioration. 
The peak c. 5.0 in depth correlates with a higher magnetite content but the 
granulometry parameters provide only weak support for an increase in ultra-fine grains 
(Fig. 7.10). It does not correlate with any sedimentological or geochemical parameter and 
is, therefore, unlikely to be pedogenic. It may be caused by the 'Eltville tephral which was 
deposited c. 19.5 ± 2.3/19.2 ± 1.7 ka (Antoine et aL, 2001). This tephra horizon was 
identified by Boenigk et aL (1994) in a different Metternich profile at a similar 
stratigraphic level; here, the MS peak lies approximately I in above a horizon dated in this 
study to 21.9 ± 1.4 ka. At Nussloch, higher in the Rhine valley, the Eltville tephra 
produced a narrow peak with the same magnitude of MS increase as occurs at this 
Metternich horizon (Rousseau et aL, 2002). That narrow peak indicates that the tephra 
there forms a thin layer, as it is known to do elsewhere in the Rhine valley (1kinger and 
Schirmer, 2002); however, at Metternich the raised NIS values occur in a zone rather than a 
distinct horizon, which may indicate surface reworking. 
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A weak increase in fine-grain magnetite at 1.6-1.3 rn depth correlates with a minor 
increase in organic carbon content and may represent magnetic enhancement during 
lateglacial climatic amelioration. 
The geochemical and enviromagnetic evidence surrounding the raised MS values in 
the Unit 2 MIS 5a-5d soil and the Unit 6 post-glacial soil proves that Metternich undergoes 
MS enhancement during periods of strong climatic amelioration; similar evidence for the 
Unit 4 peak demonstrates magnetic enhancement during interstadial climatic amelioration. 
This accords with Terhorst et aL (2001), who identified magnetic enhancement in 
interstadial palaeosols in southern Germany. This study has now identified it in western 
Germany. In contrast, Hus and Geeraerts (1999) detected no interstadial enhancement in 
Belgian loess which accords with the Harmignies data. 
7.4 Weathering 
The results presented in Section 6 and the discussion in Sections 7.2 and 7.3 
demonstrate that the aeolian sections of the Harmignies and Mettemich profiles each 
display uniformity in the concentrations of the relatively immobile elements and variability 
in the concentrations of the relatively mobile alkali metals and alkaline earth metals. These 
profiles are, therefore, suitable for analysis by chemical weathering indices. 
The Chemical Index of Alteration (CIA) (Nesbitt and Young, 1982) has been used 
to examine weathering in loess worldwide (Gallet et al., 1998) and China (Honda and 
Shimuza, 1998; Chang et al., 2000; Chen et al., 2001). It is based on the chemical 
composition of aluminosilicate minerals (mainly biotite and feldspars) which decompose to 
produce aluminous clays and Ca, Na and K ions in solution (see Sections 3.2.2 and 3.2.3). 
The CIA formula is: 
CIA = [AI203 / (AI203 + CaO* + Na2O + K20)] x 100 
calculated in molecular proportions (i. e. % concentration/molecular weight), where CaO* 
is the amount of CaO present in silicate minerals. 
That CaO* requirement causes a significant problem in loess that contains 
carbonates. Although this study used ignited samples, each sample's measured CaO 
content is an accurate reflection of its original carbonate content, which swamps any Ca 
silicate fraction. As noted by Gallet et al. (1998) there is no simple way to correct that 
measurement for the carbonate fraction. This study has adopted the proposal by 
McLennan (1993) that 'approximate corrections can be made by assuming reasonable 
Ca/Na ratios in silicate material', making CaO* equivalent to Na2O. Since Ca is more 
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prone to weathering than Na, this assumption is likely to produce CIA values that are 1-3 
units lower than would be the case with the true values (ibid). Values of about 45-55 
indicate little or no weathering (the average upper continental crust has a CIA value of' 
- values of 100 indicate intense weathering with complete removal orthe approximately 47)1 
alkali and alkaline earth elements (Nesbitt and Young, 1989). Taylor and McLennan 
(1985) identified a CIA value for loess of 55-70. 
7.4.1 CIA indications of weathering at Harmignies 
The CIA values for Harmignies are compared with the organIc carbon content, 
indicated wind speed and carbonate content in Fig. 7.11, since these are considered to be 
sensitive proxies, showing the largest and most immediate responses to the climatic 
conditions that encourage weathering. This will establish the sensitivity of the CIA. 
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Figure 7.11 Hannignies: comparison of CIA values w1th organic carbon content, 
Vandcnbcrghc grain size index and carbonate content, plus a simplified luminescence 
chronology. 
CIA values at Harmignies vary irom ->zsu, inaicating strong weathering to 56, 
indicating very little weathering and the set of values for the loess units fits within the 55- 
70 range identified by Taylor and McLennan (1985). There is a clear relationship between 
CIA and stratigraphy: Unit D and lower Unit E (Eemian and early Weichselian soils) have 
CIA values c. 80, with major loss of alkali metals and alkaline earth metals. Upper Unit E 
between 11.65-9.6 m, is less weathered (CIA values c. 75), suggesting that these early 
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Weichselian palaeosols were formed under cooler and less humid conditions than the 
previous ones. The changing grain size distribution, and the rising carbonate content 
suggest that the change from soil formation (albeit with some aeolian input) to the 
deposition of primary loess occurred in mid-Unit F, c. 69 ka. However, the CIA profile 
suggests that minimal weathering conditions were not established until lower Unit G, when 
CIA values dropped to c. 60. Weathering intensity increased slightly in Unit H, 
corresponding to the period of slow loess accumulation (see Section 7.2.2) and at 
approximately 6m depth (c. 44 ka) increased significantly (CIA c. 70), accompanied by an 
increase in organic carbon, carbonate depletion and reduced indicated wind strengths (Fig. 
7.11). Corresponding soil micro-features were identified by van Vliet (1975) who 
identified this as the 'Les Vaux' soil. A reduction in CIA values then indicates that 
decreased weathering occurred to the top of Unit H, where a weathering peak (CIA c. 70) 
occurs in a strongly-gleyed horizon. There is no increase in organic carbon and no 
carbonate depletion, though indicated wind strengths drop slightly. This may illustrate the 
mechanism observed by Rogers ct al. (1998), that under reducing, nutrient-poor 
conditions, microbial attack on feldspars results in rapid chemical weathering (see Section 
3.4.1). 
Conditions then deteriorated again. Units I, J and K are dominated by minimal 
weathering (CIA c. 60), low organic carbon, no carbonate depletion and increased wind 
speeds. Two minor peaks occur in Unit J but these cannot be related to any other 
sedimentological or geochemical parameter, the loess at this level shows no evidence for 
pedogenesis and contains no gleyed horizons. It has undergone cryoturbation, surface flow 
and solifluction but these would have little effect on its silicate geochemistry. Towards the 
top of Unit K (c. 22 ka), minimal weathering occurred (CIA c. 57) and indicated wind 
strengths and loess accumulation rates were at their maximum (Fig. 7.3). This is 
coincident with the LGM, c. 22-19 ka (Yokoyama et al., 2000). The CIA indicates 
renewed weathering in the tundra gley soil at the top of Unit K but this might be due to the 
same biochemical attack described for upper Unit H. Indicated weathering increases 
rapidly in Unit L, to CIA 73. 
7.4.2 CIA indications of weathering at Metternich 
The CIA values for Metternich are compared with the organic carbon content, 
indicated wind speed and carbonate content in Fig. 7.12. The general trend is that CIA 
values are slightly higher than Harmignies and vary less. The higher values are caused by 
significant differences between the average major element compositions for Metternich 
and Harmignies: Metternich contains 23% more Al and 29% more K than flarmignies, but 
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only 9% more Na. This may suggest that the source material here is more enriched in 
biotite and/or alkali feldspar than in plagioclase feldspar. Biotite is a likely candidate 
because of the proximity of the Eifel volcanic region which has undergone abundant 
potassic volcanism (see Section 4.1.2). 
CIA values c. 64 show that the pre-MIS 5a loess in Unit 1 has undergone little 
weathering, similar to that undergone by the Unit 5 Weichselian loess. The early 
Weichselian palaeosols of Unit 2 undergone only slightly more (CIA c. 68) and weathering 
values diminish in lower Unit 3, as reworked (and weathered) sediments become 
increasingly loessic. Weathering minima occur in mid-Unit 3, c. 61 ka, which corresponds 
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Figure 7.12 Metumich: comparison of CIA values with organic carbon content (%). Vandcnbcrghe 
grain size index and carbonate content (%), plus a simplified luminescence chronology. 
with Harmignies. Indicated weathering then rises to a maximum in Unit 4 c. 15.2 m, 
coincident with increased organic carbon content, low indicated wind strengths and strong 
carbonate depletion, and MS enhancement (Fig. 7.10). This represents weathering during a 
period of climatic amelioration at approximately 42 ka and again matches Harmignies. 
The brief peak in mid-Unit 4 at 13.9 m correlates with an organic carbon peak but no 
carbonate depletion is apparent. Thereafter CIA values drop steadily to a minimum of6l 
in Unit 5 at 2.6 m, c. 12.2 ka. 
A weathering peak is apparent in upper Unit 5 between 1.9-1.6 in (c. 12.2-11.1 ka), 
during a period of reduced wind strength (Fig. 7.15). It is not matched by carbonate 
depletion. However, the MgO: CaO ratio (see Section 6.1.2.1) provides some evidence that 
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the 1.6 rn sample level has undergone calcite reprecipitation and good evidence that the 1.3 
m sample level has been enriched, followed by depletion at 1.0 m in the Unit 6 post-glacial 
soil. This may be interpreted as carbonate mobility and calcite reprecipitation caused by 
post-glacial pedogenesis. A similar feature is present at Harmigniesl- there it resulted in 
raised carbonate levels. Here, it may have returned carbonate-depleted sediments to their 
previous values, thereby masking supporting evidence for the silicate weathering episode. 
Unit 6 shows a pronounced increase in weathering intensity, to CIA values r. 68 
(similar to Unit 2), accompanied by decreasing wind strengths, increased organic carbon 
and a rapid decrease in carbonate content. 
7.4.3 Comparison of CIA weathering trends at Harmignies and Metternich 
The CIA weathering trends for the Harmignies and Metternich profiles are shown 
in Fig. 7.13. 
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The two sites had different accumulation rates at different times and the new 
luminescence chronology (a) provides age estimates fior a coarse sampling strategy and (b) 
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does not resolve periods of rapid change. This makes detailed inter-site correlation 
unreliable. However, within the time period covered by both profiles (early Weichselian to 
LGM), the same general trends can be observed - moderate silicate weathering in the pre- 
69 ka palaeosols, reduced weathering after the start of aeolian deposition in Unit3/Unit F, 
increased weathering c. 42-44 ka and then steadily-diminished weathering to c. 22 ka. 
7.5 Conclusions 
Both sites have undergone post-depositional geochemical weathering which has 
induced heterogeneity in sediment that was initially near-homogenous. The dominant form 
of weathering at both study sites is carbonate dissolution, affecting the alkaline earth 
metals Ca and Mg. Calcitic limestone and reprecipitated calcite are easily weathered and 
both profiles show repeated episodes of carbonate depletion and calcite reprecipitation. 
Dolomite is less readily weathered, and the MgO profile is much flatter than the CaO 
profile. 
Silicate weathering (measured by the CIA) correlates with carbonate weathering 
and with indications of climate change present in the standard sedimentological 
parameters. It is, therefore, a valid palaeoclimate proxy. It occurs at lower intensities than 
carbonate weathering; most of the observed weathering-induced depletion in the alkali 
metals K and Na probably involved plagioclase and biotite, since muscovite and alkali 
feldspar (the other carriers of K and Na (and also of Ca)) are more resistant to moderate 
weathering. Weathering attack on plagioclase would result in depletion in Na, which was 
observed, and in Ca, which could not be observed since it would be masked by the 
carbonate Ca content. Similar allack on biotite would result in depletion in K. The 
Eemian palaeosol at Harmignies shows extreme depletion of both Ca and Na, which may 
indicate near-total removal of plagioclase by weathering, while K is only moderately 
depleted, possibly due to near-total biotite weathering and limited alkali feldspar 
weathering. This would accord with Muhs et al. (2001), who analysed homogenous low- 
carbonate Mississippi valley loess in a north-south temperature and precipitation gradient. 
Their conclusions were that the observed reduction in concentrations of the mobile 
elements Ca, Mg, Na, K, Sr, Ba and Rb was caused by the chemical weathering of calcite, 
dolomite, homblende, plagioclase and mica. 
The only episodes of silicate weathering that can be identified with confidence are 
linked to well-developed Eemian or early Weichselian palaeosols, the GI 16/14/12/8 group 
of strong interstadials (Fig. 1.4) and the modem post-glacial soil. Weaker soils have been 
identified at both sites by previous researchers through features such as soil 
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micromorphology (e. g. van Vliet, 1975), but they have not undergone identifiable silicate 
weathering. 
There are two possibilities, therefore, to explain the limited degree of silicate 
weathering described above. One is that interstadials other than the GI 16/14/12/8 group 
were simply too cold and too brief to support silicate weathering. The alternative 
possibility is based in loess geochemistry. In carbonate-rich sediments, meteoric water 
present at the surface will dissolve a small fraction of the carbonate with the result that the 
weathering solutes are alkaline, with high values of Caý+/H+. Nesbitt and Young (1984) 
calculate that under these conditions, feldspar and mica are stable and will not undergo 
chemical weathering. If this process is in operation in loess, then those minerals will not 
begin to weather until a major reduction in the carbonate content allows neutral or acidic 
water to percolate through the sediment. However, Williams et at (2003) found that under 
modem field conditions, the presence of carbonate minerals in experimental soils did not 
inhibit feldspar dissolution. This suggests that the first possibility is more likely, and thus 
silicate weathering occurs under conditions of significant and prolonged climatic 
amelioration. 
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Chapter 8. Comparison with global climate records, discussion and 
conclusions. 
'knowing nwm and more about loess and loess'(persoomm. F. Nt Chambom2005) 
This chapter examines the suitability of the study sites and addresses the 
hypotheses set out in Section 1A 
d) that the responses to climate change observed at the two study sites can be 
correlated with the known patterns and chronology of Weichselian climate 
change in the western Europe/North Atlantic region, and, 
e) that geochemical variation in loess-palaeosol sequences can be used as a 
chemostratigraphic tool in northwest Europe. 
8.1 The utility of the sites selected for this study 
Before drawing final conclusions about the observed climatic responses at the study 
sites, described in Sections 6 and 7, it is necessary to re-examine those sites. Both have 
been studied by previous workers and at the start of this study were considered to present 
near-continuous coverage of the period between the Eemian/early Weichselian and at least 
the lateglacial period, within the limitations discussed in Section 3.5 (e. g. the loess record 
is episodic and prone to erosion and reworking). 
Concern was also expressed in Section 3.5 that luminescence ages developed for 
palaeosol horizons could only provide a chronology of deposition, not of pedogenic 
modification. Comparison of the new luminescence chronology with the climatic proxies 
analysed here proves that within that method's accuracy limits, that difference is not 
significant. 
The evidence produced in this study highlights other limitations at both sites. The* 
luminescence chronology, plus data on indicated wind strengths and deposition rates (see 
Section 7.2.2 and 7.3.2) strongly emphasise the episodic nature of deposition at both sites: 
at Harmignies, peak rates of 1.0 to 1.9 m/ka lasted for only I ka, while rates of 0.05 m/ka 
may have persisted for 40 ka. At Metternich, peak rates reached 3.8 m/ka while rates less 
than . 02m/ka lasted for at least 30 ka. The difference between the two sites' deposition 
rates is very probably a function of distance from source - more than 150 km for 
Harmignies, less than 5 km for Metternich. The general correspondence between the grain 
size distributions and the climatic events recorded by organic carbon content and 
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weathering shows -that in general, the episodes of climate change that caused weathering 
were approximately synchronous with deposition. 
Both sites show evidence for erosion and reworking. The plateau location of 
Harmignies did not prevent the formation of deep gullies during at least one episode of 
increased precipitation, and sediment horizons have been distorted and, in places, 
obliterated by cryoturbation. However, most of the site appears not to have undergone 
major reworking. 
The Metternich site is located against a steep valley slope with a ridge behind it and 
there are multiple examples of modification by surface flow, including erosion horizons 
and gravel lenses, washed down-slope from locations higher on the ridge. In addition, 
Mettemich lacks a major cryoturbation/erosion horizon present at many other loess sites in 
that area and a characteristic tephra layer linked with that horizon may have been reworked 
into a broad zone. This suggests that despite its apparent continuity, the loess record at 
Metternich is not fully representative of the loess stratigraphy found elsewhere in the 
Rhine valley and it does not present an accurate and comprehensive record of climate 
change in this area. With hindsight, it is apparent that a flat site might have undergone less 
erosion and contamination, and could have provided more comprehensive results. 
During initial reconnaissance, the profusion of ice segregation features at 
Harmignies: and the lack of such features at Metternich led to speculation that these two 
sites could contrast a predominantly 'Atlantic maritime' climate with one showing more 
continentality (see Section 1.4). It is now suspected that their absence at Metternich is 
more allributable to topography than to climatic difference. 
8.2 Correlation of weathering response with the other 
parameters measured in this study 
The aeolian sections of the profile at both sites (Harmignies: mid Unit F to Unit K; 
Mettemich: Units 3,4 and 5) have been formed from loessic particles that have 
homogeneous, though differing, compositions. The minor variations that have been 
identified, such as the progressive rise in carbonate content at Mettemich, can be identified 
and have been accounted for. This homogeneity appears to extend downwards; the early 
Weichselian palaeosol complexes are similar to the overlying loess, particularly at 
Mettemich. This maybe due to the typical 'very well mixed' nature of loessic sediment at 
each site. 
Against that background of homogeneity, both sites show heterogeneity in the 
'standard' sedimentological parameters (grain size, carbonate content, organic carbon 
content) and in enviromagnetic characteristics. These have patterns of variance that 
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correlate strongly and consistently, and which match previously-identified patterns of local 
response to climate change. Heterogeneity in geochemical parameters, identirled by 
carbonate mobility and silicate weathering (measured by the CIA), correlate with these 
patterns of variation. As a proxy for climatic amelioration, the CIA provides indications of 
weathering at the study sites that are equal to, or better than the organic carbon record in 
both magnitude of response and apparent sensitivity to the prevailing palaeoconditions 
(Figs. 7.11,7.12). Further, the silicate minerals that it addresses do not suffer from 
reprecipitation. It is, therefore, a permanent record that is unlikely to be overwritten by 
subsequent events. 
Sections 8.3 and 8.4 compare this local response with the wider record, using the 
GRIP ice core as an arbitrary but consistent standard for climate change studies (see 
Section 1.2.2). 
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8.3 Correlations between Harmignies and the GRIP record. 
8.3.1 GRIP correlation with the geochemical record 
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Figure 8.1. Harmignics: comparison of carbonate content with 6"'0 climate 
signal in GRIP core (Dansgaard et al., 1993), with a shplified luminescence 
chronology and temporal correlations (dotted lines arc tentative correlations). 
Correlations in this and subsequent figures arc based on the luminescence 
chronology and variation in the GRIP profile. 
Comparison of the Harmignies carbonate content record with the 61"0 climate 
signal in the GRIP core' (Dansgaard et al., 1993) (Fig. Sx) confirms the findings in 
Sections 6 and 7: the carbonate content responds only to major climatic change. It is 
diminished effectively to zero during the early Weichselian period of soil formation and 
only increases when aeolian deposition delivers a fresh supply of carbonate particles at 
approximately 69 ka. 
During the general period 60-30 ka, the GRIP record shows multiple strong 
interstadials (GI 16,14,12 and 8, shown in Fig. 1.4, occurring c. 57,52,44 and 30 ka 
respectively (Dansgaard et al., 1993). Each of these is likely to have caused carbonate 
weathering, accompanied by down-profile carbonate reprecipitation. However, because 
' Data provided by the National Snow and Ice Data Center, University ol'Colorado a[ Boulder. and the 
WDC-A for Palcoclimatology, National Geophysical Data Center. Boulder, Colorado. 
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loess accumulation rates were low, the record is of low resolution. Using the luminescence 
age estimate of 44.1 ±3.9 ka, obtained at 5.75 m depth, it is possible tentatively to equate 
the carbonate depletion troughs c. 6.3,5.7-6.0 and 5.4 m depths to GI 16/14,12 and 8 
respectively but this cannot be confirmed. Between approximately 30-22 ka loess 
accumulated rapidly but the carbonate record does not reflect the rapid climatic 
fluctuations that occurred during that period, and the Harmignies record finishes at that 
point, precluding any examination of weathering response after the LGM. 
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Chemical Index of Alteration) with the GRIP 
VO record, with a simplified 
lun-tincsccncc chronology and temporal correlations added. 
As discussed in Section 7.4 and 7.5, silicate weathering occurred with lower 
intensity than carbonate weathering. Comparison of the weathering index values with the 
GRIP climate signal expressed in the 8180 record (Dansgaard el al., 1993) (Fig. 8.2) shows 
that silicate weathering only occurred during episodes of intense weathering - either 
interglacial conditions or during the GI 16-8 group of strong interstadials. The 
luminescence age estimate of 44.1 ±3.9 ka, obtained at 5.75 m depth and within this peak 
may indicate that it was formed during GI 12; no CIA weathering peaks correspond to the 
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carbonate weathering peaks at 6.3 and 5.4 m depths that might equate to G1 16/14 and 61 
8. 
8.3.1 GRIP correlation with the wind strength record 
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Figure 8.3. Harmignics: comparison of the indicated wind strength (using the Vandenbcrghe grain 
size index; wind strengths arc not calculated for the lower palacosol complex) with the G RIP dust 
content (using Ca as a proxy) and the GRIP 6180 record, with a simplified huninescclicc 
chronology and temporal correlations added. 
Fig. 8.3 shows a striking correlation between indicated wind strengths, the GRIP 
climate signal expressed in the 61 80 record (Dansgaard el al., 1993) and the GRIP Ca 
content' (a proxy for total dust content (Fuhrer et al., 1993)). This chart emphasises that 
much of the profile was deposited very rapidly. The start of loess deposition in U nit 1, and 
the peak in indicated wind strength c. 65 ka in Units G/H corresponds to GRIP evidence 
for raised atmospheric dust content and major ice sheets. It is l'ollowed by a period oflow 
indicated wind speeds and low rates of loess accumulation which correspond with GRIP 
indications of climatic amelioration and reduced dust content between approximately 60- 
30 ka. Indicated wind strengths start to rise in Unit I r. 27 ka and reach a maximum in 
' Data provided by the National Snow and fee Data Center, University of Colorado at Boulder, and the 
WDC-A for Palcoclimatology, National Geophysical Data Center, Boulder, Colorado. 
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Unit K c. 22 ka, with corresponding rapid loess accumulation; the GRIP record shows 
maximum ice sheet development and maximum atmospheric dustiness occurring r. 24-22 
ka. The mean diameter of Chinese loess particles reaches a 'coarseness peak' at 21.3 ka, 
followed by a rapid reduction in size, reflecting that same wind strength pattern (Xiao c/ 
al., 1999). The rapid decrease in indicated wind strength in upper Unit K may correspond 
to the very rapid decrease in dust content c. 22 ka and the reduction in Chinese loess grain 
size. 
8.4 Correlations between Metternich and the GRIP record 
8.4.1 GRIP correlation with the geochemical record 
Fig. 8.4 compares the Metternich carbonate content record with the 6180 climate 
signal in the GRIP core. The results are broadly similar to Harmignies: the carbonate 
content was diminished effectively to zero during the Eemian and early Weichsellan period 
of soil formation (Unit 2) and only increased when aeolian deposition delivered a 1'resh 
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supply of carbonate particles at approximately 67 ka (Unit 3). Although Metternich has 
higher accumulation rates than Harmignies, the depositional record of' the period between 
approximately 60-30 ka is still low resolution. Using the luminescence age of' 41.9 12.0, 
obtained at 15.2 m depth, it is possible tentatively to equate the cat-bonate depiction 
episodes at 17.2,15.5-15.1 and 13.8-13.5 in with (if 16/14 (c 57/52 ka), (if 12 (c. 44 ka) 
and GI 8 (c. 36 ka) (ages from Dansgaard et al., 1993). 
In upper Unit 4 and Unit 5, between approximately 30-22 ka, loess deposition is 
rapid but the carbonate record does not reflect the rapid climatic fluctuations that occurred 
during that period, nor does it appear to respond to the more pronounced climatic variation 
that followed the LGM. Carbonate weathering is apparent only near the top ofUmt 5, in 
the late glacial period; stronger weathering occurred in the Unit 6 post-glacial soil. 
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Figure 8.5. Metternich: comparison of the degree of silicate weadierIng (using the 
Chemical Index of Alteration) with the GRIP VO record (simplified huninesccucc 
chronology and temporal coff clations added). 
Silicate weathering again occurred with lower intensity than carbonate weathering. 
Comparison of the weathering index values with the 61"0 record (Fig. 8.5) shows that 
silicate weathering only occurred during the early Weichselian (Unit 2), the Gl 16/14/12/8 
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group of strong interstadials between approximately 57-36 ka (lower Unit 4), (hiring the 
lateglacial warming c. 13 ka (upper Unit 5) and in the post-glacial soil (Unit 6). It is 
apparent that at both sites, both carbonate and silicate weathering can only be interpreted in 
terms of major climatic change. 
8.4.2 GRIP correlation with the wind strength record 
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Figure 8.6. Mettcrnich: comparison oftlic indicated wind strcngdi (using die Vandenbcrghc grain 
size index) with the GRIP dust content (using Ca as a proxy) and the GRIP S"O record (simplified 
luminescence chronology and temporal correlations added). 
As with Harmignies, variation in indicated wind strengths appears to be strongly 
related to the GRIP climate signal expressed in the 61"0 record (Dansgaard et al., 1993) 
and the GRIP Ca content (a proxy for total dust content (Fuhrer el al., 1993)). More than 
half the profile (upper Unit 4, Unit 5) was deposited in approximately 15 ka, before and 
after the LGM. The major wind strength peak present in the I larmignies record r. 65 ka is 
not apparent in Unit 3 at Metternich but the period of indicated weak winds between r. 00- 
30 ka (upper Unit 3 and Unit 4) again matches the period of strong interstadials and low 
dust content. Indicated mean wind strengths start to increase in Unit 5 r. 27 ka and reach 
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multiple peaks c. 21/22 ka, which correlate with the peak dustiness and ice-sheet 
indications in the GRIP core. 
Two further increases in wind strength, c. 4m and 1m depth may correspond to 
two major late-stage GRIP dustiness peaks c. 17-15.5 and 12.6-12.0 ka. The older peak 
occurred during the late stages of the LGM, which terminated at 14.5 ka (Sevcringhaus and 
Brook, 1999); the younger peak occurred during the Younger Dryas (12.9-11.6 ka, Alley et 
al., 1993). The luminescence age for a horizon close to the lower indicated wind strength 
peak appears to be slightly young (14.3 ±0.7 ka) if that peak does correlate with the GRIP 
record. The age for the upper wind strength peak matches the GRIP Younger Dryas 
dustiness peak within I c; (11.1 ±1.5 ka). This wind strength increase may have 
contributed to the formation of aeolian sand-sheets in north-westem Europe, identified by 
Kasse (1997) as being a response to permafrost degradation and increased aridity c. 14- 
12.4 ka. 
8.5 Conclusions 
The study's aim has been to determine the extent to which chemostratigraphy can 
supplement other stratigraphic tools to determine the effects of climate change in loess- 
palaeosol sequences. 
The main hypotheses have been proved. Heterogeneity in geochemical, 
sedimentological and enviromagnetic parameters in the vertical profile at both sites has 
either been imposed on originally-homogeneous compositions or is a direct reflection of 
climatic events such as variation in wind strength. Those patterns of heterogeneity 
correlate, and can be correlated with the known patterns and chronology of Weichselian 
climate change in the western Europe/North Atlantic region on a range of scales from the 
local to hemispheric. 
The study re-emphasises the value of grain size indices, based on detailed grain size 
analysis, as a proxy for variation in mean wind strength and in accumulation rates. They 
show large-magnitude change which can be correlated in detail with the GRIP record. 
Weathering effects on both carbonate and silicate minerals are unambiguous at the 
scale of glacial/interglacial climate change. However, at the interstadial scale, a 
combination of factors acts to reduce the resolution of the available record. These factors 
include low accumulation rates during periods of strong interstadials, which results in 
homogeneous weathering, and high accumulation rates during periods of weaker 
interstadials, which dilutes the effects of pedogenic alteration. Both of these factors 
combine to reduce the stadial/interstadial resolution of the weathering record. In addition, 
carbonate mobility can act to overwrite previous evidence of change whilst silicate 
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minerals remain relatively unweathered during weaker (and briefer) interstadials, either 
because the ubiquitous carbonate content buffers weathering reactions or because reaction 
rates remain slow under these conditions of minor climatic amelioration. 
This study concludes that climatically-controlled geochemical variation is present 
in the loess-palaeosol sequences at the study sites, induced by carbonate and silicate 
weathering. Carbonate weathering is a reliable indication of major pedogenic episodes but 
its detailed interpretation is tempered by carbonate mobility. Silicate weathering occurs at 
lower intensity than carbonate weathering but is a permanent record since silicates are not 
subject to reprecipitation under these conditions. It can, therefore, identify periods of 
weathering that have been obscured in the carbonate record by reprecipitation. As a proxy 
for climatic amelioration, the CIA is directly comparable with the organic carbon record in 
sensitivity and magnitude. Since organic carbon may be destroyed by, for example, 
oxidation, it is possible that the CIA could preserve evidence of climatic amelioration 
when that parallel record has been lost. 
Under conditions of moderate or high loess accumulation rates, it is possible to 
identify periods of minimal weathering that can be equated to climatic minima and periods 
of increased weathering that can be equated to major interstadials. With the support of a 
well-resolved site chronology, it would be possible to use the CIA and carbonate profiles 
to identify at least the main climatic trends without reference to any other proxy. 
However, this would be a very 'broad brush' treatment of a complex and detailed record. 
Chemostratigraphy is not a replacement for those other proxies, it complements them and 
provides additional evidence upon which climatic reconstructions can be made, with an 
equivalent resolution. 
8.6 Future work 
This study has applied detailed and fine-resolution analysis of grain size, carbonate 
content, loss-on-ignition, enviromagnetic and geochemical characteristics to these two 
western European loess-palaeosol sites. One significant problem remains - is there or is 
there not Eltville tephra present at the top of the Harmignies profile and at 5m depth at 
Metternich? Sample material remains available and this is considered to be a priority task, 
particularly for Harmignies where positive tephra identification would resolve the 
Haesaerts/van Vliet-Lanod conflict. Apart from that, no further work is planned for these 
sites. 
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